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Heat recovery is an essential process in any steam power plant because large amounts of energy 
are lost during the process of generating steam, whether with vented steam or drained hot 
water. So heat exchangers are used, to reclaim that energy before being wasted. According to 
the US Department of Energy, around 6,945 MMBtu/year could be saved by using a heat 
exchanger to reclaim vented steam energy under certain operation conditions [1]. Two heat 
exchangers are used in the KU steam power plant. One is as vent condenser to recover energy 
from steam and non-condensable gases that have to be vented from the deaerator to the 
atmosphere; and the other is to recover energy from blowdown water that has to be drained 
continuously from the boiler. Both the vented steam and the drained blowdown water have 
temperatures of 220-240 ℉.  
 
In this work, the recovered energy by both heat exchangers is analyzed and evaluated for the 
year 2016. The energy savings is computed based on the data gathered from January to August. 
For the rest of the year, energy savings is evaluated by using the relationship between the 
generated steam and the energy savings for the first eight months. The annual energy savings by 
the vent condenser in 2016 was 4.05 𝑥 109 𝐵𝑡𝑢; while 8.92 𝑥 108 𝐵𝑡𝑢 was saved by using the 
basement heat exchanger from January to September of 2016. Based on these, it was determined 
that about 5,291,500 𝑓𝑡3 of natural gas was saved in the KU steam power plant in 2016 due to 
using both of the heat exchangers. This amount of fuel savings translated to $ 13,230 for the 
power plant. 
 
Additional instrumentation has been installed at the vent condenser in order to assure that all 
needed data is gathered accurately. Internal temperature sensors (RTD type) were installed 
around the vent condenser to measure the fluid temperatures inside the pipes, instead of the 
surface sensors. A flow meter was installed in the condensed steam line exiting the vent 
condenser in order to determine the energy in that pipe line. In 2016, 3.3x108 𝐵t𝑢 was saved 
and added to the condensate water in the storage tanks by the condensed steam line; which 
means 352,000 𝑓𝑡3 of natural gas was saved by the power plant. This fuel savings translated to 
about $ 880 for the power plant. 
 
Flow rate calibration curves were produced using a calibration setup that was modified from a 
previous study [2] to calibrate the condensate water and condensed steam flow meters. The 
calibrated flow rates were about 6-7 gpm higher than the values recorded by those flow meters. 
 
A thermal investigation has been conducted on the heat recovery components in the KU steam 
power plant. The average heat transfer rate from the steam to the boiler feed water during the 
deaeration process in the deaerator was evaluated. Investigation was performed to evaluate the 
flow type, efficiency, and the heat transfer rate in terms of the overall heat transfer coefficients 
for both of the heat exchangers. 
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Power consumption by the Worthington-D824 constant speed pump and the Grundfos CRE15-3 
variable speed pump has been evaluated, based on new operating conditions in 2016. The flow 
rates of these pumps were adjusted using the flow meters’ calibration curves that came from the 
calibration setup. Moreover, the discharge pressures of these pumps have been verified after 
applying comparative analyses by testing different pressure transducers with the pumping 
systems. Three approaches were used to evaluate the power consumption in order to verify the 
accuracy of the determined power. These approaches were: directly recorded power; pump 
curve power; and calculated power. In general, the power consumed by the Worthington pump 
was about 4% higher than that of the Grundfos pump. 
 
The natural convection heat transfer coefficient around the vent condenser was calculated in 
order to determine the heat loss to the surroundings. The heat loss around the vent condenser 
was employed to determine the mass flow rates of the steam that enters the vent condenser and 
the non-condensable gases that are vented to the atmosphere. These mass flow rates were 
computed by applying mass and energy balances around the vent condenser. For instance, on 
10/11/2016 at 12:12 PM, it was found that the flow rates of the DA’s vented steam, condensed 
steam, and steam and non-condensable gases were 8.55 
𝑙𝑏𝑚
𝑚𝑖𝑛
 , 8.1 
𝑙𝑏𝑚
𝑚𝑖𝑛
, and 0.46 
𝑙𝑏𝑚
𝑚𝑖𝑛
, respectively.  
 
A T-S diagram was developed, based on the new-found conditions and changes in the KU steam 
power plant, in order to visualize heat transfer and changes in temperature for the power plant’s 
thermodynamic cycle. In this study, the T-S diagram’s parameters were measured and recorded 
using thermocouples and data loggers that can measure temperatures of the steam around the 
power plant. Using this instrumentation helped to produce a more accurate T-S diagram. 
 
With the basement deaerator, the vent condenser was isolated (by closing the steam line that 
comes from the DA) whenever the level control mode of the Grundfos pump was used because 
the pump pressure head was not sufficient to reach the vent condenser. The reason of isolating 
the vent condenser in this mode was to protect the vent condenser from overheating by the 
steam, since no cold fluid (condensate water) was flowing. As a result, less power was consumed 
by the VSP in this mode, but much more energy was wasted by not using the vent condenser.  
However, a new deaerator was installed in September of 2016 and located upstairs close to the 
vent condenser. So, in this case, new data needs to be gathered in order to calculate the energy 
savings when the vent condenser and the VSP’s level control mode are used at the same time. 
 
Also, it is recommended that the power plant staff install a control system that can control the 
make-up water flow rate to the storage tanks, instead of the manual valve that is used now. This 
system would have two advantages: control the make-up water flow automatically based on the 
water level inside the storage tanks; and protect the basement heat exchanger from thermal 
shock that happens due to sudden changes of the temperature caused by the immediate 
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Nomenclature 
A𝑖              Inner surface area for the heat exchanger tubes (in
2) 
 
Ao            Outer surface area for the heat exchanger tubes (in
2) 


















𝐶              Natural gas price ($/𝑓𝑡3) 





D              Diameter of heat exchanger tubes or pipe lines (𝑓𝑡) 
 
𝑑𝑇            Temperature difference along the heat exchanger in parallel- and 
                 counter-flow cases (℉) 
 
𝑒1            Percent difference between recorded and pump curve power values (%) 
𝑒2            Percent difference between recorded and Eq. (4.27) or (4.33) power values (%) 
𝑒3            Percent difference between pump curve and Eq. (4.27) or    (4.33) power values (%) 
𝑒𝑎𝑣𝑔        Average error (%) 
𝑒𝑅𝑀𝑆        Root mean square standard error (%) 




𝐺𝑟                     Grashoff number (-) 
H              Pump head (𝑓𝑡) 






Hnet               Net head of a pump (𝑓𝑡) 
HP                   Discharge pressure head of a pump (𝑓𝑡) 
Hstatic         Static pressure head of a pump (𝑓𝑡) 
 




























𝐾             Thermal conductivity (
𝐵𝑡𝑢
(ℎ𝑟) 𝑓𝑡 (°𝑅) 
) 
𝐾𝑤           Thermal conductivity of heat exchanger tube walls (
𝐵𝑡𝑢
(ℎ𝑟) 𝑓𝑡 (°𝑅) 
) 
 
𝐿                 Length of heat exchanger tubes or pipe lines (𝑓𝑡) 
𝑙𝑐𝑟          Characteristic length (𝑓𝑡) 
LHV            Lower heating value of natural gas ( 
Btu
ft3
) for 7 inch water gauge pressure  
 
                 and a temperature of 60 ℉ 
 
 
LMTD     Logarithmic mean temperature difference (℉) 
𝑚             Water/steam volumetric flow rate (gpm) 




𝑁𝑢           Nusselt number (-) 
𝑛               Refers to number of error values (-)  
𝑛1              Number of heat exchanger tubes (-) 
𝑛2               Number of heat exchanger passes (-) 
𝑃𝑟            Prandtl number (-) 










𝑅𝑖               Inner radius of heat exchanger tube wall (in) 
𝑅𝑜            Outer radius of heat exchanger tube wall (in) 




R2            Correlation factor for fit of equation to data (-) 




T                   Temperature (℉) 
TDS          Concentration of total dissolved salt solids of in water (ppm) 
𝑇𝑓             Air film temperature around the vent condenser or steam pipe line (°𝑅)  
𝑇𝑠             Surface temperature of the vent condenser or steam pipe line (°𝑅) 
𝑇∞            Air temperature around vent condenser or steam pipe line (°𝑅) 
T1i             Inlet temperature of the hot fluid for heat exchanger (℉) 
T1o                   Outlet temperature of the hot fluid for heat exchanger (℉) 
T2i            Inlet temperature of the cold fluid for heat exchanger (℉) 
T2o                Outlet temperature of the cold fluid for heat exchanger (℉) 












V                 Volume rate of consumed or saved fuel (ft3/𝑑𝑎𝑦) or (ft3/𝑚𝑖𝑛) or (ft3/month ) 




Ẇ                       Power consumption (kW)  
W1̇                    Recorded power consumption (kW) 
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W2̇              Pump curve power consumption (kW) 
W3̇                Power consumption from Eq. (4.27) or (4.33) (kW) 
Greek 




γ                 Specific gravity of water (-) 
∆P                Pressure increase developed across a pump (psig) 
∆t              Time interval (min or sec) 
∆T            Temperature difference (℉) 
∆T1          Temperature difference between two fluids at the inlet of heat exchanger (℉) 
∆T2          Temperature difference between two fluids at the outlet of heat exchanger (℉) 
𝜂                     Efficiency (-) 
𝜂𝑎𝑑𝑑𝑒𝑑     Added efficiency by heat exchangers (-) 
𝜂𝐵𝑜𝑖𝑙𝑒𝑟       Boiler thermal efficiency (-) 
𝜂𝑚                   Motor efficiency (-) 
𝜂𝑂𝑣𝑒𝑟𝑎𝑙𝑙   SPP’s overall efficiency (-) 
𝜂𝑃             Pump efficiency (-) 
𝜂𝑉𝐹𝐷          Variable frequency drive efficiency of the Grundfos pump (-) 
μ               Air dynamic viscosity (
𝑙𝑏𝑚
𝑓𝑡 (sec)
 )  








1, 2                                Different types of fluids in heat exchanger  
a                                   Air 
add                                  Energy added  
after DA                       Boiler feed water temperature before deaerator 
before DA                    Boiler feed water temperature before deaerator 
BFW                             Boiler feed Water 
Boiler                           Boilers in the KU SPP  
c                                    Cold fluid in heat exchanger 
𝑐_𝑠𝑡                                    Condensed steam from the vent condenser  
cons. fuel                     Consumed natural gas by boiler in the KU SPP 
counter                         Counter-flow type heat exchanger  
cmp                                      Campus 
CSP                               Worthington D824 constant speed pump 
DA                                Deaerator in KU steam power plant  
DA_st                           Deaerator’s vented steam and non-condensable gases 
fuel                                Natural gas fuel  
G                                   Steam and non-condensable gases 
H                                     DA’s horizontal vented steam pipe line 
h                                   Hot fluid 
ℎ𝑒𝑥                               Basement heat exchanger 
𝑖                                    Months (January-December) of energy calculations 
in                                  Inlet temperature or flow rate  
𝑗                                     Refers to error between the Omega and Siemens flow meters 
𝑚_𝑢𝑝                           Make-up water 
Omega                              Omega FMG3002-PP magnetic flow meter 
out                                      Outlet temperature or flow rate 
P                                   Pumps in KU steam power plant  
parallel                               Parallel-flow type heat exchanger 
rise                                     Temperature or pressure rise  
sat                                Saturated 
sat1                                      Saturated steam at the outlet of the DA 
sat2                                       Saturated steam at the inlet of the vent condenser 
st                                               Steam generated in the KU steam power plant 
str                                                  Straight tubes of the heat exchanger 
saved fuel                        Total fuel saved by basement heat exchanger/vent condenser  
saved fuel/hex           Fuel saved by using basement heat exchanger in the KU SPP 
saved fuel/V.C.            Fuel saved by using vent condenser in the KU SPP 
Smns1                                   Siemens flow meter in the condensed steam line of vent condenser 
Smns2                               Siemens flow meter in the constant speed pump discharge line 
Smns3                               Siemens flow meter in the variable speed pump discharge line 
tank                                       Condensate water storage tank in KU steam power plant 
tot                                    Total 
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U                                   U-tubes of heat exchanger 
V                                  DA’s vertical vented steam pipe line 
V. C.                                   Vent condenser 
VSP                                    Grundfos CRE15-3 variable speed pump 
water                           Condensate water in the KU steam power plant  
𝑤_𝑖                               Vent condenser inlet condensate water 






Aug.         August 
BFW         Boiler feed water  
bhp          Brake horsepower of pump 
CSP          Constant speed pump (Worthington D-824) 
DA            Deaerator in KU steam power plant 
Dec.         December 
G              Steam and non-condensable gases 
GCS              Grundfos control system 
hhp          Hydraulic horsepower of pump 
Jan.          January 
ppb          Parts per billion 
ppm         Parts per million  
RTD         Resistance temperature detector  
Sept.             September 
SPP           Steam power plant 





















 Chapter One: Overview and Details of Energy Recovery Components   
                          in the KU Steam Power Plant 
 
This work was conducted on the main equipment in the KU steam power plant (SPP) that is 
related to energy savings and consumption. Savings are in the form of recovered energy, either 
from wasted steam or hot water in the heat exchangers that are used in the basement and on 
the first floor. Another energy savings investigation was conducted for the condensate water 
pumps (Worthington constant speed D-824 and Grundfos variable speed CRE 15-3) to calculate 
and analyze the power consumption of these pumps in different operation modes, and 
determine which pump type can reduce power demands. This information could be used in the 
life cycle cost analysis (LCCA) of Ref. 2 in order to determine the life cycle implications of this 
study’s findings.  
First of all, it is necessary to describe briefly the main equipment and parts of the KU SPP with its 
related water and steam lines, so that it will be easy to understand calculation of the energy that 
would be saved in these pieces of equipment. Figure 1 is a general schematic of the KU SPP 












Fig. 1. Schematic of the KU SPP shows the main equipment and pathways for water and steam 
lines. Solid lines with blue arrows represent relatively cold water pipe lines; solid lines with red 
arrows represent relatively hot water pipe lines; and dotted lines with green arrows represent 
the steam pipe lines. 
(From Softening Tanks) 











From Fig. 1, it can be seen that the KU SPP has no turbines because KU found that the cost of 
producing power by using turbines is more expensive than buying it from commercial suppliers. 
So the power plant is used just to produce steam for the campus. The power plant has condensate 
water storage tanks (labelled Tank #1 and Tank #2 in Fig. 1). These tanks store the condensate 
water that returns from the campus as well as receiving the make-up water from the city and the 
condensed steam from the vent condenser. Then that water is pumped from these tanks by using 
one of four pumps. Three of them are constant speed pumps, while the fourth is variable speed. 
This study and the previous studies [2, 3, 4] investigate and compare the power consumption for 
the Worthington D-824 constant speed pump (labelled #1 CSP in Fig. 1) to that of the pair of 
Grundfos CRE 15-3 variable speed pumps (labelled #2 VSP in Fig. 1), which were installed in the 
KU SPP by Schmidt [4]. Each one of these pumps has a flow meter in its discharge line (Siemens 
flow meter, model Mag 5100 W DN 100) which was employed in this and the previous studies to 
make power calculations. These pumps push the water at a pressure of 40-50 psig to the 
deaerator (labelled DA in Fig. 1), but that pressure is reduced before entering the DA to 5-10 psig 
by a control valve (labelled C.V. in Fig. 1).  
The DA’s main function is preheating and reducing the oxygen and other gases’ concentrations 
in the boiler feed water (explained in detail in Section 1.1). The excess steam and other gases 
from the DA line are directed to the vent condenser (labelled Vent Cond. in Fig. 1) on the first 
floor. The vent condenser is used to recover energy from the steam and gases that are vented 
from the DA by preheating the excess condensate water. Booster and feed water pumps (labelled 
BFW Pumps in Fig. 1) push the preheated water at a pressure of about 350 psig from the DA to 
the boilers; but that pressure is reduced to 175 psig by a pressure reducing valve before entering 
the boilers.  
There are four boilers in the KU SPP. They generate steam at about 175 psig and 377 ℉. After 
exiting the boilers, the steam is branched to two pipe lines. The main branch is for campus use 
which is reduced to a pressure of about 90 psig and a temperature of about 330 ℉. The other 
branch’s steam line is reduced to a pressure of about 5-10 psig and about 240 ℉ to feed the DA 
as a super-heated steam (shown in Fig. 1 as dashed lines). Due to the high TDS (Total Dissolved 
Solids) levels in the boiler feed water (about 3000-4000 ppm), water is bled continuously                    
(termed “blowdown”) from the boiler to dispose the sludge and mud that accumulates in the 
boiler header line. This blowdown water is directed to the flash tank, as shown in Fig. 1, having a 
pressure of 5-10 psig and a temperature of about 230 ℉. Part of the blowdown water is flashed 
to steam in the flash tank due to the fact that the blowdown water pressure is greatly reduced 
which causes the water to flash to steam. Then that steam is vented to the DA to mix with the 
steam that comes from the boiler for the deaeration process. The remaining water in the flash 
tank is directed to the heat exchanger in the basement (labelled HEX in Fig. 1).  
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The basement heat exchanger has two essential purposes: to reclaim the energy from the hot 
blowdown water by exchanging its energy with the colder make-up water, and to cool that 
unneeded blowdown water to a temperature of about 140 ℉ for environmental purposes before 
draining to the sewer system. The heated make-up water that goes to the storage tanks is 
controlled by solenoid valves (labelled S.V. in Fig. 1) which provide access to the storage tanks as 
needed. More details and pictures regarding the equipment in Fig. 1 are shown in Chapter 1 of 
Nanda’s thesis [3]. 
This chapter reviews and describes the energy recovery components that are used in power 
plants in general, and specifically the KU SPP. These components are the deaerator (DA) that is 
used to remove oxygen as well as other dissolve gases and preheat the boiler feed water, and 
the heat exchangers that are used in two different locations and deal with different fluids to 
recover energy from these fluids before they leave the SPP.  
DA and heat exchanger fundamentals are explained and analyzed in general to understand their 
basic principles. New instruments, such as internal temperature sensors (RTDs) and a flow meter, 
have been installed around the vent condenser in order to measure the temperatures inside the 
pipe lines [instead of using external surfaces measurement], and in order to measure the flow 
rate in the condensed steam line in order to more accurately calculate the total reclaimed energy 
by the vent condenser.  
A calibration system was rebuilt and modified from a previous study [2] in order to test and 
calibrate the condensate water flow meters. Flow rate calibration curves were produced for flow 
meters downstream of the Worthington and Grundfos pumps by employing the calibration 
results. These curves are used to determine and correct the error values that are associated with 
the flow meter readings. These curves were used to correct the recorded flow rates that are used 
in the energy and power consumption calculations in Chapters Three and Four. 
 
 
1.1 The Deaerator  
The DA is a device that is widely used to remove dissolved 𝑂2 and 𝐶𝑂2 from the BFW [5]. The DA 
has multiple functions: stores water; provides positive section head to the BFW pumps; and pre-
heats the BFW to a minimum temperature of 100 ℃ or 212 ℉, which is the minimum saturation 
temperature that is required to remove dissolved gases from the feed water [5]. Moreover, 
heating the feed water to 100 ℃ helps to reduce thermal shock in downstream preheating 
equipment such as the economizer [6].  
In particular, dissolved 𝑂2 in the BFW causes serious damage in steam systems by attaching to 




Dissolved CO2 combines with water to form carbonic acid that causes rapid corrosion of the 
tubes. The deaerator is designed to reduce 𝑂2 to levels of about 7 ppb (or 0.005 cm³/liter) as well 
as eliminating CO2 [5].  
The design of the DA depends on the final desired 𝑂2 concentration, which is in turn dependent 
on boiler operation conditions. If the 𝑂2 concentration in the BFW is higher than 7 ppb and the 
boiler operates at high pressure values (greater than 200 psig), corrosion will build up in the 
tubes [6].  
1.1.1 Deaerator Types in the KU SPP 
There are two types of DAs: tray type and spray type. The tray DA has a domed section which is 
mounted above the main storage section and contains perforated trays (see Fig. 2). The feed 
water passes as droplets downward through the tray perforations to the main storage vessel. 
Meanwhile, steam enters at two locations, as shown in Fig. 2. The first steam branch enters 
directly below the trays to pass upward through the perforations and contacts the entering water 
which flows in the opposite direction. The second steam branch enters through nozzles in the 
bottom of the main vessel to mix with liquid water. 
During this process, steam is cooled by direct contact with the incoming water. Most of that 
steam is condensed to water inside the DA, while a small fraction of the steam (about 5% to 14%) 
is vented with other gases (e.g., 𝑂2 and 𝐶𝑂2) to the vent condenser [6]. More information on this 
















Fig. 2. Schematic diagram of a typical tray-type DA that is used in the basement of             
the KU SPP [based on Ref. 7] 




The tray DA in the basement of the KU SPP works at a pressure of 5-10 psig and a temperature 
of about 225 ℉. The condensate water that comes from the condensate storage tanks through 
the condensate water pumps has a pressure of approximately 5-10 psig after the DA control valve 
reduces it from a pressure of approximately 35-40 psig. The temperature of condensate water 
before the DA is on average about 160 ℉; and the steam from the boilers enters the DA with the 
same pressure (i.e., 5-10 psig) but with a temperature of approximately 240 ℉. So the water 
gains thermal energy by contacting and mixing with the steam to increase its temperature by 
about 75 ℉.  
The spray DA does not have a domed section, as shown in Fig. 3. The water is sprayed from the 
top of the tank while the steam enters through nozzles at the bottom of the tank. The steam 
mixes with the water and cools while condensing to liquid, and the non-condensed steam with 
the other gases is vented to the vent condenser (some energy recovery) or to the atmosphere 




Fig. 3. Schematic diagram of a typical spray-type DA that is used on the first floor at the KU SPP 
[based on Ref. 8] 
A tray DA is used in the KU SPP on the first floor as a standby for the main DA in the basement. 
This type of DA does not have trays, so it depends totally on the steam nozzles to deaerate the 
condensate water inside the tank. However, the deaeration process is enhanced by using 
chemicals (Sodium Sulphide) as 𝑂2 scavengers. The pressure and the water level inside the DA 
are managed by a control valve to keep the operation pressure positive (5-10 psig) so as to 
prevent air from leaking into the DA, and to maintain the water level at about 52% (more details 
and pictures of the DA are in Chapter 1 of Nanda’s thesis [3]). 




Since high temperature steam is used in the deaeration process, the boiler feed water gains 
energy before it goes to the boilers. The greater the heat gained by BFW in the DA, the smaller 
the amount of fuel needed to form the steam inside the boilers; and that will save energy and 
enhance the boiler’s efficiency. The average heat transfer rate between the steam and the 
condensate water during the deaeration process is evaluated in Chapter Two. This energy that is 
added to the condensate water in the DA translates into the natural gas [or liquid fuel] that is 
saved by using the DA, and, as a result, increases the power plant efficiency.  
1.2 Heat Exchanger Basic Principles 
A heat exchanger is a device that transfers heat between two fluids (e.g., liquid, steam, or gas). 
One fluid is relatively hot, while the other is relatively cold. The heat exchangers in the power 
plant are classified according to the liquid flow directions. When the two fluids flow in the same 
direction, the heat exchanger is termed parallel-flow; and when the fluids flow in opposite 
directions, this is a counter-flow heat exchanger. When the fluids flow perpendicular to each 
other, this is termed a cross-flow heat exchanger. The parallel-flow type, like the double-tube 
heat exchanger, is shown in Fig. 4a. The counter-flow type, like the shell-and-tube and the plate 
heat exchangers, are shown in Fig. 4b and Fig. 4c, respectively. The cross-flow type, like the 
finned-tube and the plate-fin heat exchangers, are shown in Figs. 4d and 4e, respectively.  
 
Fig. 4. Types of heat exchangers, according to the flow direction [reproduced from Ref. 9] 
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The KU SPP uses two shell-and-tube Bell & Gossett [10] heat exchangers in different locations for 
different purposes. One is used in the basement to heat make-up water and to cool the 
blowdown water at the same time, while the other heats the condensate water with the DA 
vented steam.  
The heat exchange process depends basically on conduction and convection to heat a lower 
temperature fluid with a higher temperature fluid, such as hot liquid, steam, or gas. The KU SPP 
uses model SU-85-2 shell-and-tube heat exchangers, which are designed to handle steam in the 
shell and liquid water in the tubes [11]. 
Investigations have been conducted for this work by using basic heat transfer principles to 
evaluate the rate of heat transfer for the two types of heat exchangers in the KU SPP. Moreover, 
calculations are performed in Sections 2.3.1 to 2.3.2 in order to determine theoretically the type, 
as well as the efficiency, of the heat exchangers. 
 
1.2.1 Heat Transfer Fundamentals  
This section discusses, in general, the principles of heat exchangers. The common heat exchanger 
types that are used in most power plants are parallel-flow and counter-flow. These types are 
used specifically because of the flow capacity that they have and the type of the fluids that they 
can deal with in power plants. So, detailed heat transfer analysis is conducted for these two types 
in the KU SPP. 
According to Bell and Gossett representatives [11], it is difficult to classify a steam-to-liquid heat 
exchanger as counter-flow or parallel-flow because these classifications are typically used when 
the process media in the heat exchanger are liquid-to-liquid. In the liquid-to-liquid case, one fluid 
exchanges its energy with another by means of sensible heat, while in the steam-to-liquid case, 
energy is transferred by the latent heat of the steam as its phase changes from steam to liquid.  
The flow arrangement (shown in Figs. 5a and 5b) for both heat exchanger types shows that the 
hot fluid in the shell has an inlet temperature 𝑇1𝑖 and reduced outlet temperature 𝑇1𝑜 with a 
mass flow rate of  ?̇?1, while the cooler fluid in the tubes has an inlet temperature 𝑇2𝑖 and an 
increased outlet temperature 𝑇2𝑜 with a mass flow rate of ?̇?2.  
Figures 5a and 5b show the distribution, as well as the flow directions, of the fluids inside the 
heat exchangers in both types. From the law of the energy conservation, the heat transfer from 
the hot fluid (𝑄ℎ) is the same as the heat transfer to the cold fluid (𝑄𝑐), when the heat exchanger 
has no losses and the efficiency is 100%. Hence; 




                              a. Parallel-flow heat exchanger 
                                                                      
 
   
                              b. Counter-flow heat exchanger 
 
           Fig. 5. Shell-and-tube heat exchanger types [based on Ref. 13] 
 
The heat transfer rate for the hot fluid is determined by the enthalpy change when the fluid’s 
phase changes, for example from steam to liquid. The heat transfer rate is the product of the 
mass flow rate, the specific heat, and the temperature difference from the inlet to the outlet for 
a fluid when specific heat (𝐶𝑝) is constant and there is no change of phase. For the hot fluid, 
where the inlet temperature is higher than the outlet temperature, this is expressed as 
 𝑄ℎ = ?̇?1(ℎ𝑖 − ℎ𝑜)1 = ?̇?1 𝐶𝑝1 (𝑇1𝑖- 𝑇1𝑜 )                                                                                             (1.2a) 
For a cold fluid, where the outlet temperature is higher than the inlet temperature, the heat 
transfer is: 
 𝑄𝑐 = ?̇?2(ℎ𝑜 − ℎ𝑖)2 = ?̇?2 𝐶𝑝2 ( 𝑇2𝑜- 𝑇2𝑖 )                                                                                           (1.2b) 
Alternatively, heat transfer for a heat exchanger can be expressed in terms of an overall heat 
transfer coefficient (𝑈) as  
𝑄 = 𝑈 𝐴𝑜 𝐿𝑀𝑇𝐷                                                                                                                                    (1.3) 
The term (𝑈 𝐴𝑜) in Eq. (1.3) can be found in terms of the thermal resistances of the system, which 
depend on convection coefficients, fouling factors due to the corrosion and clinkers on the tube 
walls, and wall conduction thermal resistance.  
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       ?̇?2 
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       ?̇?2 
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All of the terms for the thermal resistance between the two fluids in the heat transfer process 
are shown as components of a resistance circuit in Fig. 6. The overall thermal resistance includes 
the inner and outer convection coefficients, the inner and the outer tube fouling coefficients, and 







Fig. 6. Heat transfer thermal resistance circuit between the fluids in a heat exchanger               
[based on Ref. 9] 
 
These resistance terms are represented as [9] 












                                                                              (1.4) 
 𝐴𝑖, ℎ𝑖, and ℎ𝑓𝑖  are the inner surface area, the inner surface convection coefficient, and the inner 
surface fouling coefficient, respectively. 𝐴𝑜 , ℎ𝑜 , and ℎ𝑓𝑜 are the outer surface area, the outer 
surface convection coefficient, and the outer surface fouling coefficient, respectively. The 
thermal resistance (𝑅𝑤) for the tube wall depends on the thermal conductivity (𝐾𝑤) of the tube 







                                                                                                                      (1.5) 
All terms are defined in the Nomenclature. 
Log mean temperature difference (𝐿𝑀𝑇𝐷) is the driving potential for heat transfer in Eq. (1.3), 
and it depends on the temperature differences throughout the heat exchanger for the hot and 
the cold fluids between the inlet and the outlet [9]. 
  






                                                                                                                  (1.6) 
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The temperature differences in Eq. (1.6) can be seen in Figs. 7 and 8 for the flow direction types: 
∆T1 = 𝑇1𝑖- 𝑇2𝑖 ; ∆T2 = 𝑇1𝑜- 𝑇2𝑜    (parallel-flow) 
 










                  











Fig. 8. Typical temperature profile for counter-flow heat exchanger 
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This heat exchanger is used in the basement of the KU SPP to heat the make-up water before it 
goes to the condensate storage tanks. That water enters the SPP at about 65 psig from the city 
supply system through water softening tanks in the basement of the SPP. The water softening 
tanks remove dissolved calcium and magnesium before the water passes through the heat 
exchanger. The city water flows through the heat exchanger’s tubes at about 50-85 ℉, while the 
boiler blowdown water flows through the shell at about 230 ℉.   
According to the manufacturer’s specifications [10], this type of heat exchanger should deal with 
steam-to-water; but in the basement heat exchanger of the KU SPP, both fluids are liquid water. 
The cold city water enters the heat exchanger tubes between 50 ℉ and 85 ℉, depending upon 
the season; and the boiler blowdown water enters the heat exchanger shell between 215 ℉ and 
230 ℉ (see Fig. 9). After the water temperature is increased, it then goes into the storage tanks. 
The blowdown water temperature is reduced to approximately of 140 ℉ or below for 











Fig. 9. Schematic of the basement heat exchanger for the flow arrangement of the KU SPP 
[based on Ref. 11] 
From Fig. 9, it can be inferred that the heat exchanger is a shell-and-tube type with two passes, 
where the inlet hot water flows through the shell; and the baffles direct the hot water 
perpendicular to the flow of cold water in the tubes. These baffles make the hot fluid path longer 




For the previous studies [2, 3], the heat exchanger specifications were not known. However, after 
determining the model number of these heat exchangers (Fig. 10, SU-85-2, Bell and Gossett [10, 
14]), it was possible to obtain the needed information about these units from the manufacturer. 
This information helped to improve the thermal calculations of previous investigations [3] (i.e., 
verifying heating area, heat transfer rate, equivalent heat transfer coefficient “𝑈𝑒𝑞𝑣”, and 
estimating the heat exchanger efficiency). More details on the heat exchanger efficiency are 
given in Chapter Two. 
Figure 10 shows the model number of the heat exchanger (see labelled area). The tag was found 
after removing the layer of glass wool insulation, which covers all of the heat exchanger in order 
to reduce heat loss to the surroundings. The information on the tag made it easy to obtain all 
other details from the manufacturer’s website. 
   
  Fig. 10. Picture of a tag showing the model number of the KU SPP’s basement heat exchanger 
1.3.1 Data Acquisition System  
As mentioned in Section 1.3, the basement heat exchanger handles liquid-to-liquid heat transfer. 
The liquids are the boiler blowdown water that flows through the shell, and the make-up water 
from the city which flows through the tubes. Surface contact probe temperature sensors (TMC6-
HE) and a Hobo data logger (UX120-006M) were employed to measure and digitally record the 
temperatures for the inlet and outlet (see Apps. A1 and A2 for specifications of the Hobo logger 
and the sensors). 
Unit model number 




These surface sensors can measure within the temperature range of -40 ℉ to 212 ℉ with an 
accuracy ± 0.27 ℉. The accuracy plot for temperatures out of this range is given in App. A2). For 
the previous study [3], the sensors were calibrated before they were installed; and they were in 
use for this study as investigation continued for the different seasons of 2016. Using the TMC6-
HE sensors, it was possible to record the temperatures of the make-up water from the city, the 
heated make-up water, the boiler’s blowdown water, and the water drained from the heat 
exchanger. These temperatures were helpful in calculating the energy savings from using the 
boiler’s blowdown water before it was drained to the sewer system. They were also employed in 
the thermal calculations and investigation that are described in the Sections 2.2 and 2.3.  
 
To calculate the energy saved by the heat exchanger, the make-up water flow rate was essential; 
but there was no flow meter in that pipe line to digitally record the water flow rate. However, 
there was a cumulative flow meter (Recordall Transmitter, Turbo 450 type, see App. A3) that the 
power plant staff used to manually record how many gallons of water were added to the storage 
tanks during each hour.  
 
Downstream of the heat exchanger, solenoid valves in the make-up water pipe line were used to 
control the water flow to the condensate water storage tanks. These valves were opened or 
closed as needed, depending upon the water level inside the tanks, which prevented the tanks 
from overflowing. More details on the condensate water storage tanks, the solenoid valves, and 
the make-up flow meter are given in Nanda’s thesis [3]. 
 
The data was recorded hourly on the SPP data sheet. During each hour, the solenoid valve might 
be opened or closed, so that meant the hourly recorded volume of water passed through the 
heat exchanger for only a few minutes when the valve was open during that hour. Simple 
calculations that depend on the temperature behavior of the water exiting the heat exchanger 
were used to determine the flow rate of the make-up water when the solenoid valve was in the 
open position (details of this process and the flow rate calculations are given in Section 3.2). 
 
The solenoid’s periodic opening/closing in the KU SPP has a damaging effect on the heat 
exchanger. This is due to the fluctuating thermal stresses in the tubes when the solenoid valve 
suddenly fully opens and fully closes, which causes sudden changes in the tubing temperatures. 
This is shown in detail in Section 3.2 with a graphical illustration of the temperature changes. 
 
After studying the problem, an idea was suggested and discussed with the SPP staff as a 
substitute for using the solenoids valves. The idea was based on installing an electrically actuated 
valve in the make-up water pipe line before the solenoid valves, which could eliminate or reduce 
the thermal stresses on the heat exchanger by keeping the flow continuous at all time. The idea 
behind using the electric valve was to override the solenoid’s sudden actions by keeping the 
electric valve partially open, yielding continuous water flow at all times.  
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The electric valve would be controlled by an analog signal (4-20 mA) from an ultrasonic level 
sensor installed on the storage tank. More details on the electric valve installation and its 
operation are discussed App. A4. 
 
1.4 Vent Condenser  
The vent condenser condenses the DA’s vented steam; which then becomes a second make-up 
water source. In addition, some of the vented steam’s thermal energy is transferred to the boiler 
feed water before it is released to the atmosphere with other non-condensable gases. Generally, 
the energy in the vent condenser is recovered in two forms: higher energy condensate water 
returns to the storage tanks; and the condensed DA’s vented steam is another make-up source 
for the boiler feed water (quantity and other specifications of the condensed steam are given in 
Section 2.1.2). 
 
The main purpose of the vent condenser is to reclaim as much as possible thermal energy from 
that steam and gases before they are released to the atmosphere. Meanwhile, all of the 
condensed steam is returned to the storage tanks, while the non-condensed steam and other 
gases (𝑂2, 𝑁2, 𝐶𝑂2) are released. This reclamation adds more energy to the boiler feed water, and 
as a result, reduces the energy needed from consuming fuel in the burner and thus increases the 
boiler’s overall efficiency.  
 
The vent condenser is identical to the heat exchanger in the basement. They are both Bell & 
Gossett, shell-and-tube type, model SU-85-2; but the process fluids’ phases are different than 
these of the basement heat exchanger. The vent condenser heats water with steam (as it should, 
according to the manufacturer’s specifications [11]), while the basement heat exchanger deals 
with water-to-water, as explained in Section 1.3. 
 
The condensate’s temperature rises about 10-14 ℉ in the heat exchanger’s tubes, while the 
steam enters the shell at a temperature of 220-230 ℉ and leaves the heat exchanger as  
saturated liquid water at 185-200 ℉. 
 
Regarding the vent condenser, all previous studies [2, 3] calculated the reclaimed energy from 
the steam by calculating the energy gained by the condensate water flowing through the vent 
condenser. However, that was not all of the energy gained using the vent condenser because the 
condensed steam that is returned to the storage tanks still has high thermal energy. Before this 
work, there was no data acquisition system in the condensed steam line to record the flow rate 
or the temperature. As a result, it was not possible to calculate the energy that was added to the 
storage tanks from the returned condensed steam.  
 
After installing a flow meter in the condensed steam pipe line as well as installing internal 
temperature sensors (RTD) (details are given in Section 1.4.1), it is now possible to calculate the 
condensed steam’s flow rate and thermal energy. In this case, the total saved energy is calculated 
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for the vent condenser, including the condensed steam’s energy added to the condensate water 
in the storage tanks. That energy saves more fuel at the boilers. (The amount of fuel saved by the 
vent condenser is given in Section 3.4.) 
1.4.1 Instrumentation and Data Acquisition System  
In a previous study [2], the temperature readings in the inlet and outlet condensate water pipe 
lines were recorded manually from dial gauges in order to calculate the energy savings. A data 
logger and surface temperature sensors (i.e., HOBO UX120-006M and TMC6-HE; see Apps. A1 
and A2) were used in the most recent study [3] for the condensate water pipe lines of the vent 
condenser in order to acquire and record the temperatures digitally.  
The recorded temperatures from both previous studies [2, 3] for the vent condenser only 
recorded the inlet and outlet condensate water temperatures. The flow rate and the 
temperatures of the inlet and outlet steam were not recorded. So it was not possible to calculate 
the condensing steam’s energy. On the other hand, the condensate water flow rate was recorded 
by a Cadillac SMAC Magnetic flow meter (see App. A5 for details). However, the surface 
temperature probes were not very trustworthy since the readings depended on conduction 
between the probe and the pipes’ outer surfaces, which are affected by convection and radiation 
with the surroundings. 
In addition, the accuracy of the measurement decreases as the temperature goes higher than 
about 70 ℃ (or 160 ℉), as shown in Fig. 11, where the error starts growing rapidly outside of the 













Fig. 11. The accuracy of the surface contact temperature probes (TMC6-HE) over the 
measurement range from −40 ℃ to 100 ℃ [reproduced from App. A2] 
Preferable measuring range 









Since the temperatures in the vent condenser are sometimes higher than 160 ℉, temperature 
sensors that have higher measuring ranges and can measure temperature inside the pipes were 
used, instead of surface contact sensors. Internal sensors ensure more accurate measurement 
regardless of the convection and radiation effects, as well as the ability to measure higher 
temperatures. Many options for internal sensors were considered, such as thermocouples and 
resistance temperature sensors. After weighing the benefits, resistance temperature detectors 
(RTD) were selected. This type of sensor employs a resistance that induces different voltage 
values as the temperature changes through the sensor.  
 
These RTD sensors are the Omega PR-12-2-100 series (see App. A6) with analog signal transmitter 
type Omega TX92A-3 (see App. A6-1) to transform the RTD output voltage signal (0 -10 VDC) to 
an analog signal (4 to 20 mA); and this signal type was needed for the HOBO data recorders 
already in use.  
 
The main reason for choosing RTDs is because the SPP staff are not able to make new holes in 
the water and steam pipe lines for installing new sensors. Such a process would require shutting 
down the power plant for one or two days, as well as having the possibility of leakage issues from 
the new fittings. So the SPP staff agreed to use the same thermowell holes that have been used 
for the dial gauge temperature probes, as shown in Fig. 12. This saved time and effort for the 
project and for the SPP staff.  
 
 




Fig. 12. Thermowell in the inlet condensate water line that could be used with either dial gauge 
or RTD sensor. View (a) shows the dial gauge’s thermowell; view (b) shows the RTD installed 
instead of the dial gauge. 
Dial Gauge Thermowell 





4-20 mA Transmitter 
[Cite your source here.] 
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The RTD sensor consists of two parts, as shown in Fig. 12b. The resistance probe (PR-12-2-100), 
that is 85 mm long and 6.3 mm in diameter, matching the thermowell hole’s dimensions, goes 
inside the thermowell and produces the 0 to 10 VDC signal. The second part is the transmitter 
which transforms the signal of the resistance probe to the 4 to 20 mA data logger signal. The 
transmitter is powered with 8 to 50 VDC, which reflects a temperature range of 0 to 300 ℉ [15]. 
This range goes higher than the highest temperature in the vent condenser (see App. A6-1 for 
the internal sensor (RTD) specifications and measuring limits). 
Three RTDs have been installed in the vent condenser. One each was installed in the inlet and 
outlet condensate water pipe lines, while the third was installed in the inlet steam pipe line that 
comes from the DA. A surface contact probe (TMC6-HE) was installed in the condensed steam 
line, because that pipe line does not have a thermowell in which the RTD can be installed, but 
only has a thermometer; and its fitting is not compatible with the RTD’s probe.  
Since this was the only pipe line in the vent condenser where the temperature is recorded by a 
surface contact probe, its reading was compared with other RTD readings in order to evaluate its 
estimated error.   
It is essential to show the final wiring diagram (Fig. 13) because of the many issues that can arise 




Fig. 13. Schematic wiring diagram for the RTDs installed around the vent condenser 
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Figure 13 shows the power and signal wires that run from the DC power supply to the RTD 
resistance probe. A 24 VDC power supply was used to power the TX92A-3 transmitter. In turn, 
the transmitter supplied voltage to the probe; and the probe sent back voltage but with different 
magnitudes due to the probe’s resistance that changed with temperature. Eventually, the 
returned voltage was transformed by the transmitter to an analog signal (4-20 mA) so that it 
could be read and recorded by the HOBO data logger.  
There were problems with the output signals of the RTDs during the initial tests. Unreasonable 
temperature values were recorded during these tests due to incorrect 4 to 20 mA signals. Section 
2.1.1.a describes in detail the issues that were faced. 
 
1.5 Flow Meter Calibration 
The flow meters in the KU SPP were calibrated in a previous study [2] by building a flow meter 
calibration setup (see App. A7-1 for details about re-building the setup). The calibration system 
was built and used first to test and calibrate the condensate water flow meters that are used in 
the pipe line downstream of the condensate water pumps in the basement.  
Also, it was used to calibrate a flow meter in the excess condensate water pipe line that goes to 
the vent condenser [2]. This calibration setup was rebuilt and modified for calibrating a different 
flow meter in this study. The following details the tests that were performed using this system.  
1.5.1 Test and Calibration of Recirculation Line Flow Meter  
 
As a part of the total reclaimed energy calculation for the vent condenser, there was a need to 
calculate the energy that is added to the condensate water in the storage tanks from the vent 
condenser’s condensed steam line. To do so, a flow meter was installed in that pipe line to 
measure the flow rate of the condensed steam which allowed calculation of the total energy 
gained by the vent condenser. 
Instead of purchasing a new flow meter, an old Siemens flow meter (Mag 5100 W DN 25; see 
App. A8), from the condensate water recirculation line, was selected, since that pipe line had not 
been used for the last few years by the SPP. The flow meter’s last readings were in the 
negative flow rate range (-7 to -25 gpm). So, it was necessary to test and calibrate the flow meter 
before installing it in the vent condenser’s condensed steam line. 
The flow meter was re-calibrated using the calibration system after modifying the setup to fit the 
new flow meter. Most of the pipe lines and fittings in the setup were removed and replaced with 
different sizes in order to fit the Siemens flow meter (Mag 5100 W DN 25). 
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That calibration setup had been used in a previous study [2] to calibrate the Siemens flow meters 
(Mag 5100 W DN 100), located in the discharge line for the condensate water pumps, and also 
to calibrate the Cadillac flow meter in the condensate water pipe line before the vent condenser.  
The pipe lines that were used before were 4 in and 2 in diameter, while a 1 in pipe line was 
needed for this process. After ordering all of the required materials, most of the pipe lines and 
fitting were dismantled from the calibration setup and new piping was installed. The 
modifications of the calibration setup with all of the needed materials are described in App. A7. 
Figure 14 shows that the set up was composed of a water tank (100 gallon capacity), a Grundfos 
constant speed water pump (95 gpm, 330 psi, 15 HP, 3-Phase), an Omega FMG3002-PP magnetic 
flow meter measuring up to 180 gpm (see App. A9), a manual ball valve (2 in diameter) to manage 
the flow through the flow meters, and the Siemens flow meter (Mag 5100 W DN 25) capable of 
measuring up to 28 gpm (see App. A8). 
The Grundfos pump moved the water from the tank to the Omega flow meter in the 1.5 in 
diameter pipe line. A clear pipe was installed upstream of the Grundfos pump in order to see if 
there were any bubbles flowing with the water because they can affect the flow meters’ signals. 
Also, a 2 in diameter ball valve was installed directly before the pump in order to manage the 
water’s flow manually as needed.  
Then, the water flowed through the Siemens flow meter in the 1 in pipe line to the tank. 
Moreover, the electrical wiring for the Grundfos pump’s control panel was changed to work with 
460 VAC (it was wired in the previous study [2] to 230 VAC). The changes in the wiring were made 
according to the manufacturer’s diagram in order to match the new power supply voltage (see 
App. A7-2 for the wiring graph). 
Problems were encountered with rebuilding the calibration setup, such as a proper place to work 
on it and operate it due to the physical size, 3-phase power supply box and outlet, and water 
source. Previously, when the setup was built, the School of Engineering Machine Shop was used 
to build and operate the setup; but it was not possible to use that location because of additional 
restrictions that arose due to the new engineering building. As a result, the setup was re-
engineered in order to fit in B171 LEA where it was re-built (see App. A7-1 for more details and 
schematics regarding these issues). 
The Omega flow rate reading was considered to be the reference reading with which the faulty 
Siemens flow meter readings were compared. These data were recorded and saved using the 
HOBO data logger. Many tests were run and data was taken at different time intervals (1 second 
and 10 seconds); and the error values for the Siemens readings were calculated with respect to 
the reference readings from the Omega flow meter. 
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Fig. 14.  Layout of the calibration setup’s components 
Data were taken for four main tests with flow rate varying from 5 to 28 gpm by opening/closing 
the 2 in ball valve. The reason for choosing this range of flow was because the Grundfos pump 
started making noise and vibrating below 5 gpm as a minimum value. Also, 28 gpm was chosen 
as the maximum value because this is the maximum of the Siemens flow meter (MAG 5100 W 
DN 25). 
Test 1 was conducted using a 10 second time interval over a flow rate range from 10 gpm to 
about 47 gpm in order to check the accuracy of the maximum reading of the Siemens flow meter 
(see App. A7-3 for the flow rates of the four tests). It was noticed that, whenever the value 28.237 
gpm was recorded, this meant that the pump’s flow rate was higher than the Siemens flow 
meter’s measuring limit, as shown in Fig. 15. The Omega flow meter continued to record higher 
flow rates for the times when the Siemens stopped measuring. 
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Fig. 15. Siemens and Omega flow rate readings for different flow ranges (Test 1) 
All of the data in Tests 1 to 4 (App. A7-3) showed that the average Siemens flow meter readings 
were always higher than the Omega readings within an error of 5%. As shown in Fig. 15, data in 
Test 1 was taken over 10 second time intervals for ascending flow rate which was managed by 
the ball valve. Some tests were performed over 1 second time intervals for descending flow rate 
as shown in Test 4 of Fig. 16. The tests were performed in this way in order to check the Siemens 
meter’s behavior under different operation conditions.  
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Lower flow rate, lower difference
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Readings outside of the Siemens measuring limits 
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The errors were calculated for each test. It was noticed that the error between the two flow 
meters’ readings were almost zero at low flow rates (8 -10 gpm), but the error increased gradually 
as the flow increased (Figs. 15 and 16). 
Table 1 shows the average error, the RMS error, and the standard deviations results for different 
flow rate ranges among the four tests. Table 1 shows that some of the lower flow rates (5-10 
gpm) have higher error than others, which does not make sense if we compare these errors with 
the behavior shown by the graphs of Test 1 or 4.  
In other words, the lower the flow rate, the lower the difference between the two flow meters’ 
readings, and vice versa, according to the graphs of Test 1 and 4 (see marked flow rate values in 
Fig. 16). However, Table 1 does not show this to be true for all of the flow rate values. So for that 
reason, the RMS error was calculated since this method considers the absolute value of the 
difference between the two flow meters readings, which gives the actual difference or the error. 
(See Eqs. (A7-4a), (A7-4b), (A7-4c), and (A7-4d) in App. A7-3 for calculating the error, average 
error, RMS error, and standard deviation of the errors, respectively, for the 4 tests.) The standard 
deviation was determined for each flow rate range, which shows how far the Siemens readings 
deviated from the reference readings (i.e., the Omega flow meter).  
Table 1. Errors and standard deviations of the Siemens flow meter in the recirculation pipe line  
                for Tests 1-4 

















10  4.707 4.426 0.012 
17  6.357 6.548 0.022 
23  5.711 5.966 0.013 




10  0.952 3.416 0.014 
17  8.738 3.503 0.041 
23  4.979 5.264 0.023 




5  5.126 4.925 0.040 
10  4.722 4.834 0.017 
15  4.783 8.078 0.034 
20  5.936 6.785 0.024 




27  7.027 6.231 0.071 
23  3.554 6.748 0.024 
15  2.607 5.799 0.031 
8  5.188 5.168 0.057 
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Figure 17 shows the overall results from the four calibrations tests as well as the determined 
correction equation for the Siemens flow meter. It shows the combined average data for all tests 
as a linear relationship with the correlation coefficient (𝑅2) that gives the deviation of the data 
from that linear relationship. The flow rate correlation equation that was derived from Fig. 17 
was used to correct the Siemens MAG 5100 W DN 25 flow rate readings after installing it in the 
condensed steam pipe line of the vent condenser.   
 
Fig. 17. Calibration curve for Siemens flow meter in the recirculation line, based on the data 
from Tests 1 to 4 
Equation (1.7) was used to correct the Siemens flow meter readings, and the corrected values 
were employed in the energy savings calculations.  
𝑚𝑐_𝑠𝑡 = 0.934(𝑚𝑆𝑚𝑛𝑠1  ) + 0.3536                                                                                                   (1.7)  
The sensor part of the Siemens flow meter SITRANS F M MAG 5100 W has an overall error value 
of ±0.2 % (see App. A8), while the Omega flow meter has an error value of ±0.4 % from the 
manufacturer’s specifications (see App. A9). 
1.5.2 Analysis and Calibration of the CSP and VSP Flow Meters  
 
In a previous study [2], calibration was performed for the Siemens flow meters (Mag 5100 W DN 
100, see App. A8) downstream of the Worthington and Grundfos pumps. The results from those 
calibrations were employed in this analysis in order to determine the errors in these flow meters’ 
readings.  

























The resulting error was used to correct the condensate water flow rate from the Worthington D-
824 (CSP) and Grundfos CRE 15-3 (VSP). Those corrected flow rates can affect the power 
consumption calculations for these pumps (the power calculations are given in Chapter Four). In 
this project, row data was employed from a previous calibration [2] in order to determine the 
errors for the CSP and VSP flow meters. 
Figure 18 shows the results for calibrating the flow meter downstream of Worthington D-824 
CSP. The test results show that the Siemens flow meter readings were about 2.5% lower than 
those of the reference meter (i.e., Omega flow meter readings). Equation (1.8) was used to 
correct the current Siemens flow rate readings.   
𝑚𝐶𝑆𝑃  = 1.0373(𝑚𝑆𝑚𝑛𝑠2 ) − 0.9828                                                                                                     (1.8)                           
 
Fig. 18. Calibration curve of the Siemens flow meter in the Worthington CSP discharge line 
(based on Ref. 2 data) 
 
The same work was done for the Grundfos CRE 15-3 VSP’s flow meter. Figure 19 shows the 
calibration results for the Siemens flow meter downstream of the Grundfos VSP, which has 
almost the same average error as the CSP’s flow meter (about 2.4%); and all of the readings were 
less than those of the reference meter (i.e., the Omega flow meter).  
The VSP’s flow rate was corrected by employing Eq. (1.9) which is the flow rate correlation 
equation between the two flow meters. 
𝑚𝑉𝑆𝑃  = 1.0497(𝑚𝑺𝒎𝒏𝒔3) − 2.5575                                                                                                   (1.9)  


























Fig. 19. Calibration curve of the Siemens flow meter in the Grundfos VSP discharge line 
(based on Ref. 2 data) 
 
See App. A7-4 for graphs [Figs. (A7.f) and (A7.g)] of calibrating the Siemens flow meters 
downstream of the CSP and VSP. It has to be mentioned that the calibration curves in Figs. 18 
and 19 were drawn in this study by using raw data that was recorded by Alabdullah during 
calibration tests that were conducted in a previous study [2]. 
In conclusion, this chapter describes the main components in the KU SPP, their design and 
function. The instrumentation and data acquisition systems around vent condenser and 
basement heat exchanger that were used in this study were explained. Flow calibration curves 
were produced based on the results of calibrating the Siemens flow meters downstream of the 
condensate water pumps and the vent condenser. The recorded flow rates of these flow meters 































Chapter Two: Investigation of the Energy Recovery Components and 





This chapter presents evaluation data for the recently installed data acquisition instruments for 
the vent condenser. These instruments are internal temperature sensors (RTDs) and a Siemens 
flow meter. The RTDs were installed in the condensate water and the steam pipe lines. Moreover, 
a study was conducted on the Siemens flow meter that was installed in the condensed steam 
pipe line in order to evaluate the flow rate and the energy content in that pipe line. These 
instruments helped to more accurately calculate the total energy that was being saved by the 
vent condenser. This chapter also examines the DA in greater depth.  
One of the DA’s functions is to preheat the water entering the boiler, which helps to reduce the 
fuel consumption and increase SPP efficiency. So the heat transfer rate is computed for the DA 
and the boiler in order to estimate SPP efficiency. In a previous study [3], an investigation was 
conducted to determine the basement heat exchanger’s type. So, a follow-on investigation is 
performed in this work to estimate types, efficiencies, and heat transfer rates of the heat 
exchangers that are used in the KU SPP, based on recently collected data.  
 
2.1 Evaluation of the Newly Installed Instrumentation for the Vent Condenser 
 
2.1.1 Internal Temperature Sensors (RTDs) in Condensate Water and Steam Lines 
 
 
       
As stated in Section 1.4.1 and shown in Fig. 12, RTDs (PR-12-2-100-TX92A-3) have been installed 
in the inlet and outlet condensate water pipe lines of the vent condenser in place of the surface 
sensors (TMC6-HE) that were used previously [3]. Another RTD has been installed in the steam 
pipe line between the DA and the vent condenser.  
 
A surface sensor has been installed in the condensed steam return pipe line. The RTDs record 
temperature directly inside the pipe lines, so these measurements are more accurate than 
surface sensor measurements which can be affected by the surrounding temperature through 
convection and the radiation. 
 
 
Two types of savings calculations are shown in Chapter Three, comparing the old surface sensors 
(TMC6-HE)) with the new RTD sensors. It was necessary to evaluate the RTDs’ performance by 
analyzing their readings with respect to the contact sensors as well as comparing with dial gauges 
that measure temperature at more than one point along the pipe lines. For example, there are 
two dial temperature gauges for the inlet condensate water at two different locations. One is in 
the storage tanks (see Fig. 1 for the KU SPP equipment and pipe line layout) and the other is 
directly before the vent condenser.  
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So these gauges were used to evaluate the internal sensors readings in order to determine 
whether their measurements were reasonable or not. The pipe line arrangement for the inlets 
and the outlets of the condensate water and steam for the vent condenser are shown, along with 
the temperature sensors, in Fig. 20. 
 
 
 Fig. 20. Pipe lines with the temperature sensor types that are located around the vent condenser 
 
According to surface sensor (TMC6-HE) readings, the inlet condensate water in the vent 
condenser has a temperature of about 155-180 ℉, depending on the surroundings' temperature, 
while outlet condensate water is about 8-10 ℉ higher after recovering energy from the vented 
steam and gases. On average, the RTD temperature readings were higher than those of the 
surface sensors for both the inlet and the outlet condensate water (temperature rise and reading 
variations are given in Section 2.1.1.a) 
 
 
2.1.1.a RTD Data Analysis 
 
After installing internal sensors (RTD) at three positions inside pipe thermowells (i.e., inlet 
condensate water, outlet condensate water, and inlet steam) in the vent condenser, the Hobo 
data logger was used to record, at minute time intervals, the temperatures that were measured 
by the RTD sensors. 
Steam In Condensed Steam Out 
Heated 
Water  Water In 
RTD








The temperature measurement range 0-300 ℉ of the RTD sensors (see App. A6) was set to the 
signal range 4-20 mA that is recorded by the Hobo data logger. The power supply cables and the 
signal cables were wired according to the manufacturer’s wiring diagrams (see App. B1). 
 
The first RTD test is shown in Fig. 21, where RTD1 represents the inlet condensate water 
temperature, RTD2 represents the outlet condensate water temperature, and RTD3 represents 
the inlet steam temperature which comes from the DA. Temperatures in Fig. 21 show that the 
values started negative and then stabilized at about 20 ℉, which are incorrect values since all of 
the reading should be between 150 ℉ to 230 ℉ depending on sensor locations in the pipe lines.  
 
 
Many tests were conducted in different ways; but for every trial, the values were negative and 
the readings behaved unreasonably. The wiring for the power supply and the output signal were 
changed and switched in different ways while attempting to solve the problem, but the output 
readings were the same. Initially, HOBO signal cables (type HOBO-Cable-4-20mA, see App. B1) 
were used to connect the RTD transmitters to the HOBO data logger (as shown in Fig. 22). 
 
The errors were first thought to be caused by the cable, assuming it was not compatible with the 
RTD transmitter; but, after contacting the cable provider (Onset Computer Corporation), Onset 



















































Fig. 22. Wiring diagram from the RTD’s transmitter using HOBO cable                                    
[reproduced from App. B1] 
 
The Omega Company was contacted about the RTD calibration, and Omega confirmed that the 
RTDs were calibrated for the needed temperature range (i.e., 0-300 ℉). Then new 4-20 mA signal 
cables were purchased and used instead of the old cables. Once the new cables were installed, 
all of the readings were correct. 
 
Using the new cables (HOBO Cable-4-20 mA) and recording the vent condenser temperatures 
using the RTDs, new data was recorded and compared with that of the old temperature sensors 
(TMC6-HE surface sensors). The new recorded data showed readings with trends that were 
similar to those of the old surface sensors readings but with different magnitudes (see Fig. 23).   
 
RTD readings were higher than the surface sensors by an average of about 4 ℉ for the outlet 
temperatures, and about 1-2 ℉ for the inlet temperatures. Figure 23 shows the inlet and the 
outlet condensate water temperatures for both types of sensors for the period of May 4 to May 
6, 2016, which was the first test after fixing the cable problem. The readings for the first test 
showed that the RTD readings closely followed the surface sensors variation when the 
temperature increased or decreased dramatically. 
 
According to the heat equation, the higher the ∆T, the greater the energy reclaimed by the vent 
condenser (see Eqs. (1.2a) and (1.2b) in Section 1.2). That means the reclaimed energy that was 
computed by using RTD sensor data was about 40% higher than that computed with the surface 
sensor data. There was about a 2 ℉ difference between the two sensor types in the inlet pipe 
line, while there was about a 5 ℉ difference between the two sensor types in the outlet pipe 
line. 
TX92A-3 Transmitter    








Fig. 23. Readings of the internal and surface sensors for the period May 4-6, 2016 
 
 
Figure 24 shows that the temperature rise (∆T) between the inlet and the outlet condensate 
water was about 10 ℉ for the surface sensor readings, while that rise was about 14 ℉ for the 
RTD readings. 
 
Fig. 24. Measured temperature rises and differences for condensate water pipe line of the vent 
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Difference between inlet temperatures Difference between outlet temperatures
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Figure 25 shows the temperature readings of the two types of sensors for 3 days, May 7-9; but 
the overall measured temperatures were higher than those in Fig. 23 due to a change in the 
outside temperature, which affected the condensate water temperature. Even though the 
measured temperatures were higher than those of the previous test, the temperature rises for 
both types of sensors were also about 2℉ and 4 ℉ in the inlet and outlet pipelines, respectively, 
as shown in Fig. 26.  
 
Fig. 25. Readings of the internal and surface sensors for the higher temperature ranges of the 
second test during the period May 7-9, 2016 
 
In Fig. 26, The temperature rises that were measured by the internal and surface sensors were 
almost the same as shown in Fig. 24. There was about 11 ℉ when measured by the surface 
sensors and about 15.5 ℉ by the internal sensors. The difference between the two sensor 
readings in the same pipe line was about 1.5 ℉ for the inlet water pipe line, and about 5.5 ℉ for 
the outlet water pipe line. 
Figure 27 shows readings for the inlet and the outlet temperatures of the internal and surface 
sensors for condensate water during the period May 9-15, 2016. The temperature rise of the 
condensate water from both types of sensors is given in Fig. 28, which was almost the same as 
the result of the other tests in Figs. 24 and 26. The differences between the two sensor types for 
the inlet was about 1 ℉, and about 5 ℉ for the outlet. Figures 24, 26, and 28 show that the 
condensate water temperature rise measured by the internal sensors was higher by about 4 ℉ 
than that measured by the surface sensors, which means, as stated earlier, more energy savings 
















Fig. 26. Measured temperature rises and differences in the condensate water pipe line by 
internal and surface sensors during the period May 7-9, 2016 
 
 
Fig. 27. Readings by internal and surface sensors of the inlet and the outlet condensate water in 
the third test during the period May 9-15, 2016 
 
Figure 27 clearly shows how the temperatures changed sharply even within a short time period, 
such as within the same day on 5/10/2016; and that temperature fluctuation was due to the inlet 
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The outside temperature affected how much of steam was needed in campus buildings, so the 
lower the outside temperature, the smaller the amount of steam needed, which meant less 
energy was removed from the steam. The internal and surface sensors followed each other stably 
during these fluctuations, which gives a clear sign of good measurement trends for both types of 
sensors.  
 
Fig. 28. Temperature rises and differences for the condensate water as measured by the 
internal and surface sensors during the period May 9-15, 2016 
These data were taken for RTDs while the surface sensors were still located on the same pipe 
lines (until May 20). The reason for leaving the surface sensors after installing the RTDs was for 
comparative testing and evaluating the new sensor data as shown for the three test periods (i.e., 
Figs. 23, 25, and 27). The data from these tests were recorded every minute using the HOBO data 
logger for both the internal and surface temperature sensors. The internal sensors in the inlet 
and outlet condensate water lines of the vent condenser were tested continuously for about 10 
days as shown in Figs. 23, 25, and 27 in order to record enough data for evaluating them over 
different temperature ranges and flow rates.  
Then another RTD was installed in the inlet steam pipe line [that vented from the DA]. At that 
time, the surface sensors (TMC6-HE) were removed from the inlet and the outlet condensate 
water lines, and they were installed on the inlet and outlet steam pipe lines. That was because 
there were only two surface sensors available around the vent condenser, so they were removed 
from the condensate water lines and re-installed again on the steam lines in order to conduct 
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As mentioned earlier, only the inlet steam pipe line had an internal sensor, while the outlet 
condensed steam pipe line had a surface sensor. This was because there is no thermowell in the 
condensed steam line to use for installing an internal sensor. 
From the previous description, the internal sensors gave higher readings than the surface sensors 
for the inlet and the outlet pipe lines. However, even though both the internal and surface 
sensors were installed in the same pipe lines (i.e., inlet and outlet pipe lines), the differences 
between the two types readings in the inlet pipe line were not the same as in the outlet. For 
example, the difference between the internal and the surface sensors for the inlet line was about 
1-2 ℉, while the difference was about 5-6 ℉ in the outlet line. These differences are shown in 
Figs. 24, 26, and 28. 
As a result, an evaluation, or test, was needed to figure out why the difference was higher 
between the two sensor types for the outlet than for the inlet. That evaluation began with double 
checking the RTDs’ calibration in order to determine whether or not there was a problem with 
their measurement accuracy. So the RTDs were switched between the inlet and outlet pipe lines 
to see if the readings changed. The difference between sensor types was found to be the same 
(i.e., about 5 ℉ for the outlet and about 2 ℉ for the inlet). 
The surface sensors were also checked the same way by switching the surface sensors between 
the inlet and the outlet pipe lines to compare the readings; but the values were almost the same. 
Then, after further considering the situation, the locations where the surface sensors contacted 
the outer surfaces of the pipe lines were changed as shown in Fig. 29 (the reason for this change 
is explained later in this section). 
 
                                   (a)                                                                                       (b) 
Fig. 29. Pictures show the old and the new positions of the surface sensors for the condensate 
water inlet and the outlet pipe lines. In (a) the surface sensors are attached to the upper-most 
points of the pipe line; and in (b) the surface sensors are attached to the lowest points on the 
pipe lines. 
Probes on top 












After switching the surface sensors to the lowest points on the pipe lines, the differences 
between the internal and the surface sensors readings were almost the same for the inlet as for 
the outlet, as shown in Figs. 30 and 31.  
Fig. 30. Measured temperatures for the inlet and the outlet condensate water of the vent 
condenser after changing the surface sensors’ locations on the pipe lines for the period           
July 7-8, 2016 
 
Fig. 31. Temperature rises and differences for the internal and surface sensors after re-locating    
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Surface sensor, inlet temperature Surface sensor, outlet temperature
Internal sensor, inlet tempertaure Internal sensor, outlet temperature
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Surface sensor (TMC6-HE) location close to water 
vapor  
[i.e., measuring lower temperature than that of liquid] 
(a) 
Surface sensor (TMC6-HE) location close to 
liquid water  
[i.e., measuring water’s actual temperature] 
(b) 
Even though Fig. 30 shows that the internal sensors (RTDs) readings were still higher than those 
of the surface sensors’, Fig. 31 shows that the internal and the surface sensors have almost the 
same temperature rise (about 13 ℉), and almost the same difference for the inlet and outlet pipe 
lines (about 2 ℉). 
A possible reason for location-dependent readings is that the pipe lines were not full of water, as 
expected, especially for the vertical outlet pipe line (see Fig. 20) due to gravity effects. So, if a 
pipe line was not full of water and the surface sensor was attached to the upper-most location 
on the pipe lines, this sensor would be measuring the temperature of the vapor inside the pipe, 
which is not exactly the water temperature (and vapor transfers heat poorly). When the sensors 
were re-located to the lowest side of the pipe, they were measuring the water temperature 
inside the pipe, even if it was not full of water.  
See the schematic in Fig. 32 that illustrates the old and the new position of the surface sensor of 
the outlet condensate water pipe line. For the same pipe line, the measured temperatures in 














Fig. 32. Drawing for the outlet condensate water pipe line showing temperature measurement 
on upper vs. lower surfaces 
 
By comparing Figs. 28 and 31, re-locating the surface sensors for the inlet condensate water line 
did not change the difference between the readings of the two types of sensors (i.e., internal and 
surface sensors), but the temperature difference for the outlet pipe line between the two types 
of sensors did change from about 4 ℉ [case (a) of Fig. 32] to about 2 ℉ [case (b) of Fig. 32].  
Water Vapor  
(poor heat transfer) 
 
Condensate Liquid Water  




That was because the inlet pipe line was assumed to be full of water since it is pumped by the 
condensate water pumps. So, it did not matter where the sensor was located around the pipe 
line. On the other hand, the outlet line was probably not full of water; so temperature 
measurement on the outside of the outlet pipe line was location-dependent. Figures 33 and 34 
show temperature readings after changing the location of the surface sensors to the undersides 
the pipelines for the period July 8-10, 2016 
Fig. 33. Condensate water inlet and outlet temperatures measured by the internal and surface 
sensors after re-locating the surface sensors to the undersides of the pipe lines for the period 
July 8-10, 2016 
 
Figure 33 shows also that the internal sensors read higher than the surface sensors for the inlet 
and the outlet pipe lines during the period July 8-10, 2016. Figure 34 shows that the temperature 
rise of the condensate water for both sensors types was almost the same (about 13 ℉); and the 
differences between the two outlet temperatures and two inlet temperatures were about 2 ℉ 
because the internal sensors read higher than the surface sensors by about 2 ℉. As stated earlier, 
the 2 ℉ difference between the two types of sensors is attributed to the temperature reduction 
when measuring external vs. internal values due to the effects of convection and radiation with 
the pipe lines’ surroundings on the external sensors. 
Three internal sensors (i.e., RTDs) were installed in the vent condenser pipe lines after testing 
and evaluating them: two in the inlet and outlet condensate water pipe lines, and the third was 
installed in the steam line that enters the vent condenser. A surface probe was installed on the 














Surface sensor, water in Surface sensor, water out
Internal sensor, water in Internal sensor, water out
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Thus there was a complete set of four temperature sensors around the vent condenser for its 
inlet and outlet lines. See Fig. 20 for the sensor positions around the vent condenser. 
 
Fig. 34. Temperature rise in the condensate water pipe line, and the differences between the 
two sensor types after re-locating the surface sensors on the undersides of the pipe lines     
during the period July 8-10, 2016 
Figure 35 shows readings for all temperature sensors of the vent condenser. Note that there are 
two types of readings for the inlet steam line: internal sensor and surface sensor. The reason for 
having two readings of the steam entering the vent condenser was to evaluate the internal sensor 
that was newly installed as compared to the surface sensor. The evaluation was conducted by 
comparing the two sensors’ readings in order to check whether or not this pair for sensors had 
the same difference between their readings as the other sensor pairs in the inlet and outlet 
condensate water lines.  
The internal sensor readings for the inlet steam pipe line were trusted more than those of the 
surface sensor. That was because it was found that the difference between the internal and 
surface sensors for that pipe line was the same as for the inlet and outlet for the condensate 
water pipe lines (i.e., 2 ℉, see this difference in Fig. 35 for the inlet steam line). That means the 
internal sensor for the inlet steam line reads consistently with the others. So the internal sensor 
readings for the steam line were used in the energy savings calculations. Also, since the 
condensed steam pipe line temperature was measured by a surface sensor, 2 ℉ was added to 
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Fig. 35. Water and steam temperature readings for the inlets and outlets of the vent condenser 
on May 22, 2016 
Readings in Fig. 35 were recorded for about one hour on May 22, 2016 in order to test all of the 
sensors after installing them around the vent condenser. This was done after removing the 
surface sensors from the inlet and the outlet condensate water pipe lines. The difference 
between the inlet and the outlet steam temperatures varied depending on the inlet condensate 
water temperature. That was because the inlet steam temperature was almost constant, while 
the condensed steam temperature clearly changed proportionally with condensate water 
temperature, as shown in Fig. 36.  
The colder the condensate water entering the vent condenser, the greater the energy transferred 
from the steam to the condensate water during the condensation process. This is shown clearly 
in Fig. 36 where the temperature of the returned condensed steam decreased in proportion to 
the temperature of the condensate water. 
States A and B are marked on Fig. 36 in order to show temperatures behavior around the vent 
condenser for the inlet and outlet steam lines. State B shows that the condensed steam 
temperature dropped when the inlet condensate water dropped. That was due to LMTD (Log 
Mean Temperature Difference) which is considered the driving force for exchanging energy 
between fluids in a heat exchanger. (LMTD’s effect on heat exchange rate is described in Section 
2.2.2.)  
According to the heat transfer rate equation (see Eqs. (1.3) and (1.6)), LMTD increases whenever 
the temperature difference between the two fluids increases, which as a result increases the heat 
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Internal sensor, steam in Surface sensor, steam in
Surface sensor, condensed steam out
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Based on Fig. 36, the vent condenser’s LMTD in Table 2 increased from 19.2 ℉ (state A) to 26.4 
℉ (state B) when the inlet condensate water temperature dropped about 11 ℉ between the two 
states. Even with this drop of the inlet condensate water temperature between the two states, 
the temperature rise was changed slightly (∆T dropped about 1 ℉, see in Table 2). Also, during 
these changes between states A and B, Fig. 36 shows that the condensate water flow rate was 
almost constant at about 88 gpm. 
Table 2. LMTD increase for the vent condenser when the inlet condensate water temperature  




Fig. 36.  Temperature changes around the vent condenser when inlet condensate water 
temperature dropped  
 
Figure 37 shows that the drop in the steam’s temperature changed dramatically from about 6 ℉ 
to about 16 ℉, while the rise in the condensate water’s temperature dropped slightly by about 
1℉. It appears that the drop of condensed steam temperature at state B might attributed to an 
increase in the condensed steam flow rate. However, this flow rate was not measured since there 
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State A State B 
T water in (℉) 183 172 
T water out (℉) 196 184 
T steam in (℉) 212 212 
T condensed steam out (℉) 206 196 
LMTD (℉) 19.2 26.4 
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Fig. 37. Changes in the condensate water and steam pipe lines’ temperatures due to a drop in 
the inlet condensate water temperature 
 
2.1.2    Evaluating the Condensed Steam Flow Rate 
The vented steam from the DA is re-directed to the vent condenser in order to recover some of 
the steam’s thermal energy and add it to the condensate water. During the process of 
transferring this energy, the steam’s latent energy is transferred to the lower temperature 
condensate water through the vent condenser’s tubes inside the shell.  The steam’s energy drops 
in the shell, causing the steam to become liquid. That liquid water has high energy (180-200 ℉), 
so it can be considered as another source of energy gained by using the vent condenser since 
that water is sent back to the storage tanks. 
Previously, the flow rate of the condensed steam was not known because there was no flow 
meter in that pipe line. In this study, a Siemens flow meter (Mag 5100 W DN 25, SITRANS F M 
MAG 5100 W, see App. A8) was installed in the condensed steam pipe line (as shown in Fig. 38), 
after being tested and calibrated. A flow rate calibration curve was developed from the 
calibration tests in order to correct the flow meter readings (see Section 1.5.1). 
The Siemens flow meter was installed in the pipe line’s “wet leg” as shown in Fig. 38. The wet leg 
helps to assure that the flow meter is located where the pipe line is always full of liquid, in case 
the condensed steam flow is not enough to fill the line. The flow meter was for 1 in diameter 
pipes, so reducer and expansion joints were used before and after the flow meter in order to fit 
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Fig. 38. Condensed steam pipe line out of the vent condenser with the newly installed Siemens          
flow meter in the wet leg 
According to the manufacturer [16], the flow meter must be installed in a straight pipe line at 
least 10 in upstream of, and 5 in downstream of, the flow meter. In the 15 in of straight pipe 
line, no valves or any other flow restrictions are allowed because these could cause turbulence 
which affects the quality of the sensor signal. Thus, the flow meter was installed by the SPP staff 
with more than 1 ft upstream and 3 ft downstream, as shown in Fig. 38. That means the only 
issue was having 4 ft of full pipe flow. 
 
2.1.2.a Acquired Flow Rate Data  
The flow meter was installed and functional on September 10, 2016. So flow rate data for the 
condensed steam line was measured and recorded from that date forward. The condensed steam 
flow rate was found around 1-2.5 gpm. See Figs. 39 and 40 for the recorded flow rate on 
September 11-13, 2016. Since this flow meter was calibrated (see Section 1.5.1 for the calibration 
process) before being installed and there was an error associated with its readings, the recorded 
flow rate was calibrated by using the produced calibration curve. 
Wet Leg                          
Flow meter in the condensed 
steam pipe line 
63 
 
Fig. 39. Condensed steam flow rate compared to calibrated readings for the period 











 Fig. 40. Condensed steam flow rate compared to calibrated readings for the period 
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From Figs. 39 and 40, it can be seen that the adjusted flow rate, which was based on the flow 
calibration curve (see Fig. 17 of Section 1.5.1), was about 0.25 gpm higher than the recorded 
value. The calibrated flow rate was employed in mass and energy balance investigation in Chapter 
Five. 
It was important to understand why the flow rate of the condensed steam was fluctuating as 
shown in Figs. 39 and 40. So the condensed steam flow rate was compared with other parameters 
around the vent condenser in order to analyze the behavior of the condensed steam flow rate in 
conjunction with other data.  Figures 41 and 42 give a better understanding of the relationship 
between the condensed steam flow rate and the temperature of the inlet steam, as well as the 
relationship with the flow rate of the inlet condensate water. For the period September 13-15, 
2016, Fig. 41 shows that the flow rate of the condensed steam changed proportional to both of 
these parameters. The amount of condensed steam was affected by either the inlet steam 
temperature or the inlet condensate water flow rate, or both.  
 
 
Fig. 41. Condensed steam flow rate varying with the steam temperature and inlet condensate 
water flow rate for the period September 13-15, 2016 
 
Figure 41 shows that the main drops in the condensed steam flow rate happened at the same 
time when there were drops in the inlet condensate water flow rate and the steam temperature. 
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When the steam temperature was lower, the temperature difference between the condensate 
water and the steam was lower; so less thermal energy was transferred to the condensate water, 
which meant less condensed steam generated. On the contrary, when the steam temperature 
increased, the temperature difference between the two fluids increased, so it appears that more 
steam was condensed to liquid water (refer to the flow rate of the condensed steam 
increasing/decreasing with the steam temperature in Fig. 41).  
The flow rates of the condensate water and the condensed steam in the vent condenser were 
changing at the same time. Figure 41 shows, in some areas, that the condensate water and the 
condensed steam flow rates were decreasing at the same time. However, Fig. 42 shows that, at 
a fairly constant condensate water flow rate, the condensed steam flow rate increased at the 
same time that the inlet steam temperature increased. So, sometimes these parameters 
responded in the same “direction”; and at other times, they responded in opposite “directions”. 
 
Fig. 42. Condensed steam flow rate varying with temperature of the steam for the period 
September 15-17, 2016 
 
2.2 Heat Transfer Investigation of Energy Recovery Components 
The average heat transfer rate was calculated for the KU SPP’s heat recovery components. The 
heat transfer rate was calculated for the DA as a BFW preheater; and heat transfer was calculated 
using the overall heat transfer coefficients for the basement heat exchanger and the vent 
condenser when assuming parallel- and counter-flow. 
Moreover, investigation was conducted to estimate the type, as well as the efficiency, of the heat 










































2.2.1 The Heat Transfer Rate in DA as Boiler’s Preheater 
 
 
The DA’s operating principle is based on mixing hot fluid (steam from the boiler) with cold fluid 
(condensate water), and most of the steam is condensed to hot water. So, according to the 
conservation of energy, the DA increases the BFW energy by transferring energy from the steam 
to the condensate water. In addition, most of that steam is condensed to high temperature 
saturated water during the deaeration process, which also increases the BFW temperature, 
which enters the DA in the temperature range of 150-180 ℉.  
The temperature of the BFW downstream of the DA is increased to about 225 ℉ (on average). 
The energy gained helps to improve the boiler and the overall plant efficiencies because the BFW 
then needs less energy from burning the fuel to convert the water to steam. 
It is useful to find the average heat transfer rates in the DA and the boiler during a specific time 
period, and estimate the DA-to-Boiler heat ratio. That ratio will show the energy added to the 
BFW in the DA, considering it to be a preheater to the boiler. According to the first law of the 
thermodynamics, heat transfer can be calculated for the BFW in the DA by knowing the water 
inlet and outlet temperatures, the water’s specific heat capacity, and the water flow rate through 
the DA [17]: 
 
𝑄𝐷𝐴  = ?̇? 𝐷𝐴 𝐶𝑃 𝑤𝑎𝑡𝑒𝑟  ∆𝑇𝑟𝑖𝑠𝑒                                                                                                             (2.10) 
 
?̇?𝐷𝐴 = 𝜌𝑤𝑎𝑡𝑒𝑟 𝑚𝐷𝐴  𝐶1                                                                                                                (2.11) 
 
The density and the specific heat capacity of the water in Eqs. (2.10) and (2.11) were found for 
the average between the inlet and outlet temperatures of the DA. 
 
So, at 195 ℉,  𝜌𝑤𝑎𝑡𝑒𝑟 =  60.3 
𝑙𝑏𝑚
𝑓𝑡3
 ,  𝐶𝑝 𝑤𝑎𝑡𝑒𝑟 = 1.005 
𝐵𝑡𝑢
𝑙𝑏𝑚 ℉
             




 , which is the volumetric flow rate conversion factor [18]. 
?̇? 𝐷𝐴 in Eq. (2.11) was taken as the average flow rate of the DA feed water on March 7, 2016. 
Since there is no flow meter to measure the condensate water flow rate through the DA, that 
flow rate is computed as the main condensate water flow rate coming from the storage tanks 
minus the vent condenser flow rate. 
𝑚𝐷𝐴 = 𝑚𝑡𝑜𝑡 − 𝑚𝑉.𝐶. =  167 𝑔𝑝𝑚 − 89 𝑔𝑝𝑚 = 78 𝑔𝑝𝑚 
Then, from Eq. (2.11), 
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?̇? 𝐷𝐴 = (60.3 
𝑙𝑏𝑚
𝑓𝑡3








Here, the  ∆𝑇𝑟𝑖𝑠𝑒 = 𝑇𝑎𝑓𝑡𝑒𝑟 𝐷𝐴 − 𝑇𝑏𝑒𝑓𝑜𝑟𝑒 𝐷𝐴 =  55 ℉. Then using Eq. (2.10) to calculate the energy 
gained by the condensate water, 






) (55 ℉ )(60 
𝑚𝑖𝑛
ℎ𝑟
) = 2.08 𝑥 106  
𝐵𝑡𝑢
ℎ𝑟
        
This was the average energy gained by the BFW in the DA on March 7, 2016. 
Next, the heat transfer rate in the boiler was calculated for the same time period. However, it is 
not possible to compute the boiler’s heat transfer rate using Eq. (2.10) because it does not 
account for the phase change from liquid to steam. So, Eq. (2.12) was employed to calculate the 
heat transfer rate in the boiler.  
𝑄𝐵𝑜𝑖𝑙𝑒𝑟= ?̇? (ℎ𝑠𝑡 − ℎ𝐵𝐹𝑊)                                                                                                        (2.12) 
The flow rate of the feed water and generated steam, as well as the enthalpies, are required to 
calculate the heat transfer rate. The steam flow rate is not the same as the BFW flow rate because 
of the continuous blowdown water being bled from the boiler (as explained in Chapter One), 
which makes the flow rate in and out of the boiler unequal. So Eq. (2.12) was modified to account 
for the actual fluid parameters in the boiler. 
𝑄𝐵𝑜𝑖𝑙𝑒𝑟= ?̇?𝑆𝐺  ℎ𝑆𝐺− ?̇?𝐵𝐹𝑊 ℎ𝐵𝐹𝑊                                                                                             (2.13) 
The blowdown water flow rate is not known since there is no flow meter in that pipe line. 
Blowdown was estimated in the previous study [3] to be 2% of the total BFW, so  ?̇?𝑆𝐺 ≈
0.98(?̇?𝐵𝐹𝑊).  
The enthalpies of the generated steam and the boiler feed water were found from the steam 
properties tables [16] as follows. The boiler feed water entered the boiler as a compressed liquid 




is generated as saturated at a pressure of 175 psig and temperature of 377 ℉ (the pressure is 
constant along the boiler according to the T-S diagram, as shown in Section 5.4), so it was found 
that  ℎ𝑠𝑡 was 1197.77 
𝐵𝑡𝑢
𝑙𝑏𝑚
 .  
































This was the average heat transfer rate from the fuel (i.e., natural gas) to the BFW in the boiler 
on March 7, 2016. So, the heat ratio between the DA and the boiler 
 
Heat Ratio =  








(100) = 8.5%  
 
This represents the percentage of energy saved in the boiler by using the DA as a preheater. 
Which increases the boiler efficiency since less fuel will be burned to convert the BFW to steam. 
 
 
2.2.2   Heat Transfer Rate for Basement Heat Exchanger  
 
Heat transfer rate was calculated for KU SPP’s basement heat exchanger in terms of the overall 
heat transfer coefficient (𝑈) of Eqs. (1.3) and (1.4) in Section 1.2.1. Most of the terms in Eq. (1.4) 
were not known. However, the value for the overall heat transfer coefficient (𝑈) was found after 
knowing the model number of the heat exchanger and contacting the manufacturer [10]. By 
calculating the terms, 𝐴𝑜 and 𝐿𝑀𝑇𝐷, it was possible to determine the heat transfer rate using 
Eq. (1.3) without employing Eq. (1.4). The term 𝐴𝑜 is the heating area, where heat transfer applies 
between the fluids in the heat exchanger. This is the total outside surface area of tubes inside 
the heat exchanger. 
𝐴𝑜 = 𝜋𝐷𝐿𝑡𝑜𝑡                                                                                                                                             (2.14) 
Knowing the heat exchanger model number (SU-85-2), it was possible to determine some of the 
heat exchanger’s specification. The first number (8) refers to the shell outer diameter of the heat 
exchanger in inches, which means it is 8 in. The second number (5) refers to the length of the 
tubes in feet, so it’s 5 ft (or 60 in). The last number (2) refers to the number of tube passes. 
There is no indication as to the number of tubes inside the heat exchanger from the model 
number; but after a specifications sheet was provided by the manufacturer (see App. B3), it was 
found that there were 22 tubes inside the shell for each pass; and the diameter of the tubes was 
0.687 in [14] 
Since the diameter of the heat exchanger shell is 8 in, it was estimated, reasonably, that the 
average length of the U-tubes that connect the heat exchanger’s tubes between the two passes 
is 4 in (see Fig. 9 in Chapter One). 
𝐷= 0.6874 in (the outside diameter of the tubes). The total length of the tubes is the sum of the 
length of the straight tubes and U-tubes that connect the two passes. 
 
𝐿𝑡𝑜𝑡 = 𝐿𝑠𝑡𝑟 + 𝐿𝑈   
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The straight tubes’ total length is the number of tubes in each pass multiplied by the number of 
passes and the length of each tube. The U-tubes’ total length is the length of the U-tubes 
multiplied by the number of them. 
 
So,  𝐿𝑠𝑡𝑟 = (𝑛1)(𝑛2)(60 in)   
        𝐿𝑈 = (𝑛1)(4 in)        
where  𝑛1 is 22, and 𝑛2 is 2 [14]. (22 is the number of tubes in each pass; and 2 is the number 
of passes, see App. B3.) 
Hence,  𝐿𝑡𝑜𝑡 = 2728 in. Using Eq. (2.14) gives  𝐴𝑜 = 𝜋𝐷𝐿𝑡𝑜𝑡  = 5891 in
2 = 40.9  ft2. This is the 
total heating surface area for the copper tubes inside the shell. 
The result of this calculation was confirmed with the manufacturer by comparing this area with 
that in the specification document of the SU-85-2 unit. The manufacturer states that the heating 
surface area is 41 ft2 (𝑜𝑟 5904 in2)[10]; and that is almost the same as the value computed from 
Eq. (2.14). 
Even though the heating area was known from the manufacturer’s document, it was computed 
just to verify the provided value. The difference between the calculated value and the 
manufacturer’s value was felt to be related to the assumed length of the U-tubes, which means 
the length of the U-tubes could be a little longer than the assumed value of 4 in. 
The overall heat transfer coefficient is used to calculate the heat transfer rate between the two 
fluids through the heat transmission surface. So it depends on the heat exchanger fluid’s 
properties on both sides of the tube wall, as well as on the material of that wall (cast iron, copper, 
etc.). Since the heat exchangers in the KU SPP deal with water-to-water in the basement and 
steam-to-water on first floor, and the tubing was copper [10], the U values are those given in 
Table 3, according to Bell and Gossett’s representatives. 
Table 3. Heat exchanger  𝑼 values for copper tubes with different process media [10, 18] 




1 Water-to-Water 60-80 
2 Steam-to-Water 205 
 
In order to use Eq. (1.3) in Section 1.2.1, the logarithmic mean temperature difference (𝐿𝑀𝑇𝐷) 
is required. However, 𝐿𝑀𝑇𝐷 was calculated for two cases: parallel-flow and counter-flow, 
because the type of the heat exchanger in the KU power plant was not known by the SPP staff.  
From the temperature plots shown in Figs. 43 and 44 and the temperatures that are shown in 






















Table 4. Average values of the heat exchanger fluids’ temperatures on May 9, 2016 (8:00 AM to 9:00 AM) 
 
The temperature data in Table 4 was taken on May 9 from 8:00 AM to 9:00 AM. The reason for 
using data from that time period is because the solenoid valves downstream of the make-up 
water pipe line were fully open during that period (this matter is explained briefly in Section 1.3.1, 
and it is explained in detail with graphs for the flow rate calculation procedure in Section 3.2).  
 
Taking the data for that hour helped to calculate the make-up water flow rate through the 
basement heat exchanger accurately for each minute after recording the flow meter reading 
during that hour. The flow rate of the make-up water on average during that hour was about 10 
gpm. 
 
Case 1: Calculating 𝐐, assuming parallel-flow 










Fig. 43. Temperatures for the parallel-flow case for KU SPP’s basement heat exchanger 
 
For the parallel-flow case, the temperature differences in Fig. 43 are 
 








  = 41.9 ℉. The minimum water-to-water 𝑈 value was selected from Table 3, 
assuming high fouling factors (ℎ𝑓) for the inside and outside tubes walls, due to long time use. 





Heated Make-up Water 
(temperature out) 
𝑻𝟐𝒐𝒖𝒕 






68.2 ℉ 94.7 ℉ 229 ℉ 98.5 ℉ 
71 
 
𝑄𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝑈𝐴𝑜 𝐿𝑀𝑇𝐷 =  (60
𝐵𝑡𝑢
(ℎ𝑟)℉ (𝑓𝑡2)























Fig. 44. Temperature for the counter-flow case of KU SPP’s basement heat exchanger 
 
For the counter-flow case, the temperature differences in Fig. 44 are 
 
∆𝑇1=𝑇1𝑖 − 𝑇2𝑜= 134.3 ℉ and ∆𝑇2=𝑇1𝑜 − 𝑇2𝑖= 30.3 ℉ 






 = 69.8 ℉ 
Now, the May 9, 2016 heat transfer rate for the counter-flow assumption was 
𝑄𝑐𝑜𝑢𝑛𝑡𝑒𝑟 = 𝑈𝐴𝑜 𝐿𝑀𝑇𝐷 =  (60
𝐵𝑡𝑢
(ℎ𝑟) ℉ (𝑓𝑡2)
 )(41  𝑓𝑡2 ) (69.8 ℉) =  17.2 𝑥104  
𝐵𝑡𝑢
ℎ𝑟
                        
It can be seen that the counter-flow assumption gives a higher heat transfer rate (about 60% 
higher) than the parallel-flow assumption. That is because the driving force for the heat 
exchange, 𝐿𝑀𝑇𝐷, is higher in the counter-flow case than in the parallel-flow case, which indicates 
that the counter-flow heat exchanger is more efficient to use for this application.  
Moreover, it can be inferred from comparing Figs. 43 and 44 that the temperature difference 
(𝑑𝑇) between the fluids is more consistent along the counter-flow heat exchanger. So, as a result, 
this minimizes the thermal stresses in the heat exchanger. The temperature difference changes 
dramatically in the parallel-flow heat exchanger, which increases the effect of thermal stresses 




















The lower and the upper tube passes for the inlet and the outlet make-up water are shown in 
Fig. 45a, while the number of the tubes in each pass is shown in Fig. 45b.  
 
 
(a)                                                                          (b) 
Fig. 45. SU-85-2 heat exchanger cross-sections showing in view (a) the number of passes and in 
view (b) the number of tubes [reproduced from Ref. 14] 
2.2.3 Heat Transfer Rate for Vent Condenser 
 
The recovered energy from the steam by the vent condenser is equal to the additional thermal 
energy that would be needed in the boiler. So, ideally, if all of the steam’s energy were recovered 
by the vent condenser, that energy equals the fuel energy that is needed to generate that amount 
of steam. At the KU SPP, the vent condenser reclaims energy from the DA’s vented steam, as well 
as condenses most of that steam to liquid water that still has high thermal energy.  
In this section, the vent condenser’s heat transfer rate is calculated using the overall heat transfer 
coefficient “𝑈” during a specific time period. This is an example of the energy that could be 
transferred between the steam and the condensate water. Energy recovery is calculated for two 
assumed flow cases (parallel- and counter-flow) and then compared with that calculated for the 
basement heat exchanger (in Section 2.3). This shows how heat transfer rate changes as a 
function of the types of process fluids and different temperature ranges.  
 
The water temperature range in the vent condenser is different than that of the basement heat 
exchanger. For example, in May of 2016, the temperature change for the water-into and water-
out-of the basement heat exchanger was about 60 ℉ to 100 ℉, while the change was about 160 
℉ to 175 ℉ in the vent condenser. 
 
The temperature plots in Fig. 46 shows the two cases combined on one graph. Parallel-flow is 
represented by the blue line; and counter-flow is the green line. Table 5 shows the average values 
of the inlet and outlet temperatures in the vent condenser on May 9, 2016. 
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Table 5. Average vent condenser fluid temperatures on May 9, 2016 (11:10 AM to 12:10 PM) 
 
The temperatures in Table 5 were averaged over one hour on May 9, 2016. A data logger was 
used to record temperatures at one minute intervals for the inlet and the outlet temperatures of 
the condensate water (𝑇2𝑖 and  𝑇2𝑜). The inlet steam and the exiting condensed steam 
temperatures (𝑇1𝑖 and 𝑇1𝑜) were averaged while by observing analog gauges in the pipe lines 
during that hour because there were no instruments or temperature sensors in these lines to 










Fig. 46. Temperatures for two assumed flow directions for the vent condenser                  
(parallel-flow in blue; counter-flow in green) 
To calculate the heat transfer rate for the vent condenser for both cases, Eq. (1.3) was again used. 
Since the vent condenser is identical to the basement heat exchanger (SU-85-2), the heating 
surface area (𝐴𝑜) is the same as that computed in Section 2.3 (41 ft
2).  
The 𝑈 value for the vent condenser is  205
𝐵𝑡𝑢
(ℎ𝑟)℉ (𝑓𝑡2)
 since it handles steam-to-water (see Table 
3 for the steam-to-water case). The main driving force of heat transfer between the fluids in the 




Heated Condensate Water 
𝑻𝟐𝒐 




164.3℉ 178.4 ℉ 219 ℉ 
(averaged from an 
analog gauge) 
180 ℉ 

























Case 1:  Calculating 𝑸 assuming parallel-flow  
Using the temperatures from Table 5 and the temperature profiles shown in Fig. 46,  
 
∆T1 = 𝑇1𝑖 − 𝑇2𝑖 = 54.7 ℉  and ∆T2 = 𝑇1𝑜 − 𝑇2𝑜 =  1.6 ℉. So, 𝐿𝑀𝑇𝐷 =  15.03 ℉  
 
Using Eq. (1.3) and 𝑈=205 
𝐵𝑡𝑢
(ℎ𝑟)℉ (𝑓𝑡2)




 .       
 
Case 2:  Calculating 𝑸 assuming counter-flow  
 
∆T1 = 𝑇1𝑖 − 𝑇2𝑜 = 40.6 ℉ and ∆T2 = 𝑇1𝑜 − 𝑇2𝑖  =  15.7 ℉. So, 𝐿𝑀𝑇𝐷 =  26.2 ℉ 
 
Using Eq. (1.3) and 𝑈=205 
𝐵𝑡𝑢
(ℎ𝑟)℉ (𝑓𝑡2)





From the previous analysis, the heat transfer rate between the fluids was about 40% higher for 
the counter-flow assumption than for the parallel-flow assumption. This percentage difference 
was about 60% for the basement heat exchanger (in Section 2.3).  
This percentage was higher for the basement heat exchanger because the temperature 
difference (∆𝑇) between the cold and the hot fluids was higher for the basement heat exchanger 
than for the vent condenser, as shown in Tables 4 and 5. Also, the LMTDs for both flow 
assumptions for the vent condenser were about 35% less than those of the basement heat 
exchanger.  
 
2.3 Type and Efficiency of the Heat Exchangers in the KU SPP 
The heat exchangers in the KU SPP have been studied to estimate the recovered energy that was 
added to the condensate water. However, there is not enough information about the heat 
exchangers’ thermal specifications, such as the efficiency, and whether they are parallel-, 
counter-, or cross-flow heat exchangers. So, these specifications were evaluated by employing 
data that was recorded during the heat exchangers’ operation.  
2.3.1 Heat Exchanger Type 
 
The classifications of the heat exchangers that are used in the KU SPP are not known, even after 
contacting the manufacturer regarding the model number (SU-85-2). According to the 
manufacturer [11], it is difficult to determine if heat exchangers are parallel- or counter-flow 
when they handle vapor and liquid.  
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According to the company’s technical support [11], this is because the steam’s energy is latent 
and not sensible; so the flow direction of the steam does not matter in that case. 
In Sections 2.2.2 and 2.2.3, calculations were made of the heat transfer rates of the heat 
exchangers that are used in the KU SPP, as well as calculating the heat transfer areas. So, this 
section’s analysis is used to determine the types of the heat exchangers in the KU SPP, based on 
the relationship [17]: 
𝑄𝑤𝑎𝑡𝑒𝑟 = 𝑄ℎ𝑒𝑥/𝑉.𝐶.; or                                                                                                                         
?̇?  𝐶𝑝 ∆𝑇𝑟𝑖𝑠𝑒= 𝑈 𝐴𝑜 𝐿𝑀𝑇𝐷                                                                                                                   (2.15) 
Using the terms ?̇?, 𝐶𝑝, ∆𝑇, 𝑈, and  𝐿𝑀𝑇𝐷 for both flow cases  from Sections 2.2.2 to 2.2.3, it is 
possible to calculate the apparent  𝐴𝑜 from Eq. (2.15) in order to help in determining the heat 
exchanger type. The two flow cases’ heat transfer areas can be calculated from Eq. (2.15) and 
compared to the actual area of 41 ft2 that was calculated using Eq. (2.14) (or from the 
manufacturer’s specifications [10]). Those heat transfer areas are given in Table 6. 
Table 6. Calculated heat transfer area (𝑨𝒐) for parallel- and counter-flow for the basement heat  
               exchanger and the vent condenser 
Flow Type 






Parallel-Flow 91.5 199.1 
Counter-Flow 36.9 114.2 
 
From Table 6, it can be seen that both calculated areas for the vent condenser are higher than 
the actual area (41 ft2). So it is not possible to deduce whether the vent condenser is parallel-or 
counter-flow type; and that confirms the manufacturer’s statement (Bell and Gossett) that it is 
difficult to classify the type of a shell-and-tube heat exchanger when it handles steam-to-water 
[12]. 
In the parallel-flow case, the basement heat exchanger’s area was much higher than the actual 
area (about 55% higher); but for the counter-flow case, it was reasonably close to the actual area 
(10% lower). These results show that the vent condenser’s type cannot be determined using the 
current information.  
As a result, the vent condenser should also be checked to see if it is cross-flow. However, 
according to the manufacturer, U-tube heat exchangers cannot be classified as a single flow type 
because the two fluids flow parallel for one pass, while they flow counter for the other pass (see 
the directions of fluid flow in Fig. 9). 
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2.3.2 Heat Exchanger Efficiency 
 
Since the heat exchanger is not a device with moving parts like a motor or a pump, it is not 
possible to calculate an efficiency in the typical sense of ideal vs. actual work. The efficiency can 
be calculated as “the ratio of the actual heat transfer to the heat transfer by the ideal heat 
exchanger. The ideal heat exchanger transfers the maximum amount of heat equal to the product 
of UA and the arithmetic mean temperature difference, and generates the minimum amount of 
entropy, making it the most efficient and least irreversible heat exchanger” according to Fakheri 
[20].  
 
For insulated shell-and-tube heat exchangers, such as the units of the KU SPP (SU-85-2), if the 
energy removed from the hot fluid is equal to the energy added to cold fluid, the efficiency is 
equal to 1. 
 
Instead of efficiency, the term “effectiveness” could be used when talking about heat exchangers. 
Effectiveness is a function of some of the heat exchanger specifications such as tube material, 
flow velocity, film coefficients, and the log mean temperature difference, which contribute to the 
overall heat transfer coefficient “U” of a particular heat exchanger [12].  
 
The heat exchangers’ age or time in service affects the effectiveness because the overall “U” 
value is changed by fouling coefficients due to chemical attack or deposits on the tube surfaces. 
The effectiveness of a heat exchanger is reduced by time. In other words, after using a heat 
exchanger for long time, the heat transfer rate between the two fluids will become lower than 
that of the new heat exchanger [11]. 
 
It may be difficult to estimate how much the effectiveness of a heat exchanger has changed with 
time. However, current effectiveness can be determined accurately by comparing the present 
values of the flow rates and temperatures with the original values. For example, if the flow rates 
remain the same, but the temperature differentials are reduced by 10%, this means that the 
effectiveness has dropped by 10% [11]. 
 
It is possible to use Eq. (2.15) to estimate the effectiveness if all of the operating conditions are 
known. The left hand side of this equation represents the actual heat transfer between the fluids, 
while the right hand side represents the ideal heat transfer that would be transferred between 
the fluids. So, effectiveness, is the ratio of the left side to the right side of Eq. (2.15).  
 
Indeed, the 𝑈 value on the right side changes with time due to many factors, such as fouling 
coefficients on both sides of the tube walls (see Eq. (1.6)). So Eq. (2.15) can be re-written in terms 
of the current equivalent 𝑈 (𝑈𝑒𝑞𝑣) to represent the actual heat transfer rate 
 
𝑚 ̇ 𝐶𝑝 ∆𝑇𝑟𝑖𝑠𝑒 = 𝑈𝑒𝑞𝑣 𝐴𝑜 𝐿𝑀𝑇𝐷                                                                                                                (2.16) 
 
𝑈𝑒𝑞𝑣 = 𝜂 𝑈𝑜𝑟𝑖𝑔                                                                                                                                         (2.17) 
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𝑈𝑒𝑞𝑣 is the current overall heat transfer coefficient, and 𝑈𝑜𝑟𝑖𝑔 is the original overall heat transfer 
coefficient. By knowing all of the terms in Eq. (2.16) which were used in Section 2.2.2 for the 
basement heat exchanger, it is possible to calculate 𝑈𝑒𝑞𝑣 for the current operating conditions of 





Hence, we can estimate the current effectiveness of the heat exchanger from Eq. (2.17), 
assuming that the original 𝑈 value was 60 
𝐵𝑡𝑢
(ℎ𝑟)℉ (𝑓𝑡2)
 . This 𝑈 value was chosen based on the 
minimum water-to-water value in Table 3 because of the high TDS in the make-up water (3000-
4000 ppm, according to the SPP staff [38]), which means high deposits inside the heat exchanger 
tubes.  
Thus,  𝜂 = 
𝑈𝑒𝑞𝑣
𝑈𝑜𝑟𝑖𝑔
 (100%) = 88%. 
This efficiency was determined based on the basement heat exchanger operating condition on 
May 9, 2016. 
 
In conclusion, new temperature sensors were installed around the vent condenser in order to 
measure the fluids’ temperatures more accurately. The new sensors can measure the 
temperature inside the pipe lines, instead of using surface sensors that measure the outer pipe 
surface temperatures which could be affected by the surroundings. It was found that the surface 
sensors measured about 2 ℉ less than the internal sensors on the inlet and outlet condensate 
water pipe lines due to heat loss. However, since this 2 ℉ temperature difference was the same 
in the inlet and outlet pipe lines, it did not affect the ∆𝑇𝑟𝑖𝑠𝑒 in the heat transfer equation, and as 
a result, it did not affect the energy savings calculations. 
 
Also, the condensed steam flow rate that exited from the vent condenser was determined after 
installing a flow meter in that pipe line. Knowing the flow rate of this line was helpful in 
computing the energy that was added to the storage tanks by the condensed steam. Heat 
transfer investigation for the heat exchangers in the KU SPP was conducted in order to estimate 
the efficiency as well as heat exchanger type. It was found that the efficiency was 88%, while the 
results in Section 2.3.1 showed that the heat exchanger type was neither parallel- nor counter-
flow, so it is recommended to check if it is cross-flow or combination of the two types (i.e., 










Chapter Three: Annual Energy/Fuel Savings by the Vent Condenser and    
                            the Basement Heat Exchanger 
 
As explained in Chapter Two, the KU SPP has two heat exchangers. They are used at different 
locations in order to recover waste energy. The first floor heat exchanger is used as a condenser 
for the DA’s vented steam in order to recover and add that steam’s thermal energy to the BFW 
before venting the remaining steam and non-condensable gases to the atmosphere. The 
basement heat exchanger handles the boiler blowdown hot water and transfers its energy to the 
make-up water before sending the blowdown water to the sewer system. The reclaimed energy 
from both heat exchangers is added to the condensate water in the storage tanks, which 
increases the BFW energy so that it will need, eventually, less energy to form steam in the boiler. 
3.1 Vent Condenser Energy Savings 
 
In this work, as a continuation of previous studies [2, 3], the annual energy savings, as well as fuel 
savings, from using the vent condenser is determined. The reclaimed energy is calculated for 
different periods throughout the year 2016 (January to August), and the monthly natural gas 
saved is computed based on the reclaimed energy and the SPP efficiency in order to estimate the 
impact on the SPP’s yearly budget. Moreover, this investigation uses data from new temperature 
sensors installed around the vent condenser after May, 2016.  
For this study, improved energy calculations for the condensed steam line are made, so that the 
total reclaimed energy by the vent condenser can be determined. It was possible to calculate the 
energy in the condensed steam line after a flow meter and temperature sensor have been 
installed in that pipe line. So the energy savings by the vent condenser is computed for three 
cases during the year 2016. The first case was from January to May using surface temperature 
sensors (contact probe type). The second case was from June to August using internal 
temperature sensors (RTD type). The third case was the determined energy in the condensed 
steam line (the energy in this case is computed in Section 5.1). 
3.1.1 January to May Energy Savings 
 
The temperatures and flow rates for the condensate water were recorded at minute intervals 
around the vent condenser throughout February, so reclaimed energy was calculated for each 
minute by employing Eqs. (2.10) and (2.11) from Section 2.2.1. Table 7 shows example results of 
these calculations for different days in February, 2016 in order to help explain the process of 
computing the energy savings based on the data gathered minute-by-minute. 
Considering 2/01/16 12:00 AM as an example, the volumetric flow rate of the condensate water 
was computed using Eq. (2.11): 
 
?̇? 𝑉.𝐶. = 𝜌𝑤𝑎𝑡𝑒𝑟 𝑚𝑉.𝐶.  𝐶1 =  (60.8 
𝑙𝑏𝑚
𝑓𝑡3










and the saved energy was computed using Eq. (2.10): 










where 170 ℉ was used as the average temperature between the inlet and the outlet. Water 
properties were [18] 
𝜌𝑤𝑎𝑡𝑒𝑟 =  60.8 
𝑙𝑏𝑚
𝑓𝑡3
 , and  𝐶𝑝 𝑤𝑎𝑡𝑒𝑟 = 1.005 
𝐵𝑡𝑢
𝑙𝑏𝑚 ℉
   
Table 7.  Vent condenser savings calculations based on example data taken on different days in 




𝒎 ̇ (𝐥𝐛𝐦/min) 𝑻𝒊𝒏 (℉) 𝑻𝒐𝒖𝒕 (℉) ∆𝐓 𝒓𝒊𝒔𝒆 (℉) 𝑸 (Btu/min) 
 2/01/16   12:00 AM 77.9 633.2 157.0 167.4 10.4 6650.9 
 2/04/16    02:21 AM 77.8 633.1 157.5 167.0 9.5 6044.5 
 2/08/16    04:48 PM 81.9 665.9 152.1 160.5 8.4 5640.2 
2/13/16   01:46 PM 89.6 728.9 159.6 166.9 7.3 5340.3 
2/17/16   01:00 AM 88.4 718.4 161.6 171.7 10.1 7292.2 
2/20/16   04:47 AM 88.5 719.3 150.1 160.0 9.9 7156.7 
2/24/16   11:55 PM 84.1 683.8 157.3 167.9 10.6 7284.5 
2/29/16   11:52 PM 82.5 671.2 160.5 170.8 10.3 6947.9 
 
Data in Table 7 was chosen randomly from February’s recorded readings in order to analyze the 
main factors that affect reclaimed energy by the vent condenser. From Table 7 and Fig. 47, it can 
be seen that temperature rise for the condensate water was dependent upon two factors: the 
flow rate and the inlet temperature. The higher the condensate water flow rate, the lower the 
temperature rise (for example, refer to section A of Fig. 47). This is because fluid velocity 
increases proportionally with flow rate (assuming no change in pipe diameter), which means less 
time to gain heat from the steam.  
Moreover, the higher the inlet condensate water temperature, the lower the temperature rise. 
For example, at 01:46 PM on 2/13/16, from Table 7, ∆𝑇𝑟𝑖𝑠𝑒  is the lowest among other values (7.3 
℉) because 𝑇𝑖𝑛 was relatively high as compare to other temperatures. As a result, after 
calculating the full month’s energy savings using minute-by-minute data, as show in Table 7, the 
total energy savings in February was 282,370,000 𝐵𝑡𝑢 when the total steam generated from the 
boilers was 31,546,300 𝑙𝑏𝑚. 
The energy savings for March was calculated in the same way as for February. The flow rate and 































































The total reclaimed energy in March by the vent condenser was 315,420,000 Btu, and the total 
























Fig. 47. Energy savings by the vent condenser in February, 2016 (actual temperature is 
multiplied by 16) 
 
 
It can be seen from Fig. 47 that temperature rise was inversely related to flow rate. The reclaimed 
energy in Fig. 47 was produced, according to the heat transfer equation (Eq. (2.10)), from the 
mass flow rate of the condensate water and the temperature rise. In order to show the how the 
energy savings was affected by the flow rate and temperature rise of the condensate water, 




and the temperature rise was 8 ℉; so that gave 5800  
𝐵𝑡𝑢
𝑚𝑖𝑛
 as the energy savings. In section B, it 
can be seen that the reclaimed energy was affected mainly by the temperature rise, while the 




and the temperature rise was 11.3 ℉; so that gave 8000 
𝐵𝑡𝑢
𝑚𝑖𝑛
 as the energy savings. 
In the same way as shown in Table 7 for calculating February savings, in April, the total energy 
savings was 325,100,000  𝐵𝑡𝑢, and the total steam generated by the boilers was 
19,774,300 𝑙𝑏𝑚. For May, saved energy in the vent condenser was 343,030,000 𝐵𝑡𝑢, and the 
total steam generated was 16,635,600 𝑙𝑏𝑚.  In May, the energy savings and the steam generated 
were scaled to 30 days, instead of the 27 days during which data was actually taken. Data was 




It can be seen that, as the generated steam reduced, the vent condenser’s energy savings 
increased. Figure 48 shows the trend of the March energy savings, as well as the trends for flow 
rate and temperature rise. 
Fig. 48. Energy savings by the vent condenser in March, 2016 (actual temperature is multiplied 
by 15) 
The calculated energy in the vent condenser from February to March was computed based on 
surface temperature sensors (TMC6-HE), while the calculated energy after May was based on 
internal temperature sensors (RTDs).  
 
3.1.2 June to August Energy Savings 
 
The energy savings from June to August was on average higher than that of previous months, 
even if the flow rate was assumed to be the same, because these calculations were based on 
internal sensor (RTDs) readings instead of surface sensor readings. According to data analysis in 
Section 2.1.1.a, the recorded temperature rise of the condensate water was higher when using 
internal sensors (RTDs), which translated to higher energy savings in comparison to savings 
calculated using surface sensor data.  
The energy savings in June was 396,280,000 𝐵𝑡𝑢. Data in Table 8 was chosen for a few example 
days in June, in order to compare the results with these from months when the surface sensors 
were used. Table 8 shows that the vent condenser’s condensate water flow rate in June was on 
average higher than in other months due to lower steam demand, which translates to more 
excess condensate water being sent to the vent condenser.  






























































As explained for Table 7, the energy savings is dependent upon the temperature rise and the 
mass flow rate of the condensate water, according to Eq. (2.10). Table 8 shows the calculated 
energy savings by the vent condenser by using data gathered at different times in June as 
examples.  
Table 8. Vent condenser savings calculations based on example data taken on different days in June 
 Date/Time m (gpm) ?̇? (𝐥𝐛𝐦/min) 𝑻𝒊𝒏 (℉) 𝑻𝒐𝒖𝒕 (℉) ∆𝐓 𝒓𝒊𝒔𝒆 (℉) 𝑸 (Btu/min) 
6/01/16 12:00 AM 93.6 761.4 180.6 192.8 12.1 9284.7 
6/04/16 1:49 AM 94.3 767.0 179.9 192.1 12.2 9419.3 
6/08/16 7:12 PM 90.3 734.1 178.0 190.8 12.7 9369.6 
6/13/16 1:37 PM 90.2 733.2 178.8 191.1 12.2 9005.6 
6/17/16 1:28 AM 91.0 739.8 186.3 198.7 12.3 9137.6 
6/20/16 7:35 PM 86.8 705.7 183.0 196.5 13.4 9524.9 
6/24/16 10:39 PM 87.3 710.1 184.2 197.2 13.0 9237.9 
6/29/16 10:18 PM 92.6 753.0 183.3 195.7 12.4 9359.0 
 
Figure 49 shows the energy that was reclaimed from the DA’s vented steam in June after installing 
internal sensors (RTDs) in the inlet and outlet condensate water pipe lines.  
 
Fig. 49. Energy savings by the vent condenser in June, 2016 based on internal sensor (RTDs) 









































Table 9 shows the monthly energy savings for February through August, with the difference 
between each two consecutive months computed in order to evaluate how the energy savings 
changed after using the internal temperature sensors in June.  
Table 9. Differences in the reclaimed energy from February to August, 2016 
 
Month 𝑸𝒊 (Btu/30 days) ∆𝑸=𝑸𝒊+𝟏- 𝑸𝒊 (Btu) 
February 292,100,000 13,150,000 
March 305,250,000 19,850,000 
April 325,100,000 18,000,000 
May 343,100,000 53,180,000 
June 396,280,000 4,610,000 
July 400,890,000 -23,010,000 
August  377,880,000 N/A 
 
It can be seen that the difference in the reclaimed energy from June to May (53,243,820 Btu) is 
much more than between any other two months (the next biggest difference was 23,010,000 
Btu). The reason of this high difference value between May and June was attributed to the effect 
of using internal temperature sensors (RTDs) in June, because this type of sensor recorded higher 
temperature rises than those of the surface sensors which translated to higher energy savings.  
The difference between July and August energy savings was negative. That was because the 
monthly flow rate for the two months was almost the same, but the outside temperature 
dropped in August which reduced the temperature rise through the vent condenser, and resulted 
in lower energy savings. 
The calculated energy savings for the months of February to August have been analyzed with 
respect to the steam generated by the boilers. For more steam generated, less condensate water 
flows through the vent condenser, which means lower energy reclamation. 
The outside temperature directly affects the temperature of the returned condensate water from 
the campus to the storage tanks of the KU SPP. During the hotter months of the year (i.e., April 
to August), the use of the steam is reduced, so the returned condensate water has a higher 
temperature. Table 10 shows the monthly generated steam which was provided by the SPP’s 
data sheets in column A (see App. B2) as well as the computed energy savings for the vent 
condenser for each month in column B.  
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Table 10. Monthly generated steam and the vent condenser energy savings 
Month 














January (31 days)        41,573,600 265,430,000 40,232,516 256,870,000 
February (29 days) 31,546,300 282,370,000 32,634,103 292,110,000 
March (31 days) 24,297,800 315,420,000 23,514,000 305,250,000 
April (30 days) 19,774,300 325,100,000 19,774,300 325,100,000 
May (27 days) 14,972,100 308,730,000 16,635,667 343,100,000 
June (30 days) 13,154,700 396,280,000 13,154,700 396,280,000 
July (31 days) 13,540,900 414,250,000 13,104,097 400,890,000 
August (31 days) 13,522,100 390,480,000 13,085,903 377,880,000 
 
In order to have the same basis for evaluation, the generated steam and the saved energy in 
columns A and B were scaled to 30 days in columns C and D, instead of per calendar months. The 
calculations for January’s saved energy were based on just a few days during the month because 
of the lack of recorded data. Data gathered in Table 10 shows that the relationship between the 
steam generated and reclaimed energy is inversely related. When the steam generated was 
reduced from January to August due to less demand, more energy was reclaimed.  
An energy curve was plotted based on the computed monthly energy savings in order to 
determine the relationship between the energy savings by the vent condenser and the generated 
steam, as shown in Fig. 50. The curve was helpful to estimate other month’s energy savings when 
data was not available. Figure 50 shows that the higher the generated steam, the lower the 
energy saved by the event condenser. This is because, when the boilers generated more steam, 
more water went to the DA, which means less excess condensate water going to the vent 
condenser.  
For example, January was the coldest month, among others in the plot; and the steam generated 
was the least, but the reclaimed energy was the lowest. On the other hand, July, as a hot month, 
had the highest reclaimed energy by the vent condenser with a low generated steam. Because of 
the outside temperature changing (to relatively cooler weather) from July to August, in addition 
to the effect of newly installed instruments (i.e., the internal temperature sensors around the 
vent condenser), August had a drop in the computed energy savings.  
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Fig. 50. Energy savings curve fit for the vent condenser from January to August  
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            Before calculating August’s energy savings from data, Eq. (3.18) was used to estimate August’s 
energy savings (see Table C1.2 in App. C1 for January-July’s calibration equation and accuracy). 
August’s estimated energy value was 103% of the actual computed value. Then, Eq. (3.18) was 
used to predict energy savings for September to December. So, Eq. (3.18) was used to compute 
the estimated energy values for September to December of 366,027,423 𝐵𝑡𝑢, 
352,555,871 𝐵𝑡𝑢, 313,997,761 𝐵𝑡𝑢, and 293,334,988 𝐵𝑡𝑢, respectively. 
Equation (3.18) was also used to estimate energy savings for the months that were used to 
develop the equation (i.e., January to August). It was found that the estimated values’ accuracy 
was 96%-103% (see Table C1.1 in App. C1). As a result, Eq. (3.18) can be employed to predict and 
estimate the energy that would be saved for any desired month during the year 2016. 
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was based on collected data from January to August, and on the estimated energy from 
September to December, 2016 (from Eq. (3.18)). In this study, the steam generated in December 
was estimated, based on the amounts from the last two years (see App. C1, Table C1.4). This is 



































The computed energy savings in the first summation of Eq. (3.19) is 2.7 𝑥 109 𝐵𝑡𝑢, while the 
estimated energy savings in the second summation is 1.35 𝑥 109 𝐵𝑡𝑢. So, the annual energy 
savings by using the vent condenser in 2016 was 4.05 𝑥 109 𝐵𝑡𝑢. This energy is translated to 
saved fuel in Section 3.4 after calculating the SPP’s efficiency. 
 
3.2 Basement Heat Exchanger Energy Savings 
 
 
The reclaimed energy from the basement heat exchanger comes from boiler blowdown water 
that has a temperature of 220-230 ℉, transferring energy to the city make-up water that goes to 
the storage tanks. Even though the basement heat exchanger and the vent condenser are 
identical, the process of calculating reclaimed energy for the basement heat exchanger is 
different. That is because there is no flow meter in the make-up water pipe line to digitally record 
the flow.  
As explained in Section 1.3.1, make-up water comes from the city after being softened by the 
softener tanks. Then it passes through a flow meter (Recordall Transmitter, Turbo 450 type, see 
App. A3) to cumulatively sum the gallons of water added to the storage tanks.  
The flow of water into the tanks is controlled by electrical solenoid valves downstream of the 
heat exchanger in order to keep the water level inside the tanks at the desired set point. These 
valves open whenever the water level is less than about 55% of the tanks’ total height, and they 
close when the level is higher than about 65%. (The levels where the solenoid valves open/close 
were visually estimated by observing the tanks’ sight glass with the valves opening/closing.) 
The Turbo 450 flow meter measures the amount of water cumulatively, and the SPP staff record 
its reading hourly to document how many gallons of water have been used. For savings 
calculations, the difference between hourly readings is divided by 60 minutes in order to estimate 
the average flow rate through the heat exchanger. However, a problem with the energy 
calculations for the basement heat exchanger resulted because the flow rate through the heat 
exchanger is discontinuous due to the solenoid valves opening/closing.  
That means dividing the difference between hourly readings by 60 minutes was not correct, 
because, during that hour the solenoid valves could be closed for an unknown time. So, a 
mathematical analysis was employed in the previous study [3] in order to estimate the actual 
minute-by-minute flow rate when the valves were open, based on the temperature rise behavior 
of the make-up water line.  
The temperature rise for the make-up water line can indicate when the solenoid valves are closed 
or open, as shown in Fig. 51; and this helped to know approximately how many minutes during 
an hour make-up water flowed through the basement heat exchanger. 
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Fig. 51. The effect of opening/closing the solenoid valves on the inlet and outlet temperatures 
of the basement heat exchanger 
When the solenoid valves close, no make-up water flows through the heat exchanger tubes, while 
the hot blowdown water keeps flowing through the shell. As a result, the heat exchanger metal 
overheats because there is no cold water flowing to absorb the blowdown water’s energy. Figure 
51 shows the sudden rises and drops in the temperatures of the basement heat exchanger’s fluids 
due to the solenoid valves opening/closing. These sudden changes in temperature could cause 
thermal stresses in the heat exchanger’s metal components, which could lead to failure of the 
inner tubes. According to power plant employees, in the past, this type of failure caused damage 
to two heat exchangers in the basement of the KU SPP [22]. 
In Fig. 51, Point A was when the solenoid valves started closing, and caused a dramatic rise of the 
temperatures for the inlet and outlet make-up water. The temperature rise continued from Point 
A for about 20-25 minutes until the valves started opening again at point B. Then a drop in the 
temperature continued for about 4-5 minutes to point C, returning to the normal temperature 
of the inlet make-up water. All other temperature pulses in Fig. 51 were due to the 
opening/closing of the solenoid valves as explained for points A-B-C. For the energy savings 
calculations, the readings when the solenoid valves were closed should be ignored in order to 
determine the real temperature readings when there was water flow.  
In a previous study [3], to determine the time periods when the valves were closed, the 
temperature rise was employed as shown in Fig. 52. The temperature rise pulses were employed 
to figure out when the solenoid valves were closed (shown between points A and C in Fig. 51). 
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temperature rise fluctuation in the green circle of Fig. 52); so temperature and flow rate ratios 
were employed as factors to help estimate the flow rate variation due to the temperature 
variation (the ratio method of calculation was used and shown in Nanda’s thesis [3]). 
During this study, an easier method was used to determine the actual flow rate when the valves 
were closed by employing the inlet temperature of the make-up water, instead of the 
temperature rise. This method was used because the action of the solenoid valves had a clear 
effect on the make-up water’s inlet temperature; and it can be seen from Fig. 52 that it is much 
easier to figure out where the temperature pulses started and ended. That is because the inlet 
temperature was more stable than the temperature rise between the pulses (compare reading 
behaviors in the black and green circles of Fig. 52). Moreover, as long as the inlet temperature 
readings were stable, there was no need to use the factors that were used in the previous study 
[3] to correct the flow rate when the temperature varied.  
Since the ratio method of Ref. 3 was not used to estimate the flow rate variation as the 
temperature changed, the flow rate in this study, during any hour, was divided equally among 
the minutes during that hour when the valves were open. That is because the solenoid valves, in 
fact, were either fully opened or fully closed, so the make-up water either flowed or not, which 
means the flow rate would have been relatively constant when the valves were open. So, the 
variation in the temperature rise (when the valves were open) was attributed to the blowdown 
water flow rate varying and not due to variation in the make-up water flow rate. The blowdown 
water flow rate is unequally bled from the boiler, which affects the temperature rise by the 
amount of the hot blowdown water flowing through the heat exchanger. 
 
Fig. 52. Comparison of the effect of opening/closing the solenoid valves on the inlet 
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As an example of the February energy savings calculations, Fig. 53 shows the inlet, outlet, and 
rise of the make-up water temperature on February 28, 2016. The low temperature readings 
between the pulses are when the solenoid valves were open, while the pulses represent the 
temperature readings when the valves were closed. 
It can be seen that the most stable temperature readings between the pulses were for the inlet 
temperature; and it was easiest to recognize when the temperature pulses started and ended. 
When the valves closed, the inlet make-up water temperature increase took about 20 minutes, 
while it dropped to the normal temperature about 5 minutes after the valves opened. For 
example, in looking at data shown in Fig. 53, inlet temperature pulses indicated the valves were 
closed for about 20 minutes for most of these pulses. For the data excluding the pulses, inlet 
temperature ranged approximately between 51 and 53 ℉, and those time periods were when 
the values were open. So energy calculations were made for these time periods, excluding the 
pulses areas since no make-up water was flowing through the basement heat exchanger during 
the temperature pulses. 
Fig. 53. Basement heat exchanger’s inlet, outlet, and change in make-up water temperature on 
February 28, 2016 
The same energy savings calculation process was used for all other months. On March 2, 2016 
(Fig. 54), the same process was employed to determine when the valves were closed. The 
temperatures between the pulses were about 52 ℉ to 55 ℉ (these temperature ranges are 
different for different test dates depending on the inlet temperature of the make-up water), so 
any value above 55 ℉ was not considered because the valves were closed. Similar to the vent 
condenser, Eq. (2.10) was used to calculate the energy saved during each minute of each month. 
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a few days of data, instead of that for the whole month, because it would be extremely time 
consuming to perform the minute-by-minute assessment for the whole month, as is obvious from 
looking at Figs. 53 and 54. 
The make-up water flow rate was taken from the SPP’s data sheet (see App. B2). The flow rate 
for any chosen hour was divided among the minutes between the pulses during that hour in order 
to determine the actual flow rate through the heat exchanger when the valves were open. The 
analysis, as explained for Figs. 53 and 54, was conducted for each hour when calculating the 
reclaimed energy. See App. C2 for plots of the temperatures resulting from this process. 
 
Fig. 54. Basement heat exchanger’s inlet, outlet, and change in make-up water temperature on 
March 2, 2016 
The computed energy savings in February was 134,320,000 Btu (Table 11). This energy represents 
the reclaimed energy from the boiler blowdown water before disposing of it in the sewer system. 
That energy was transferred to 610,090 𝑙𝑏𝑚 of make-up water that was added to the storage 
tanks. In March, 139,2000,000 Btu was reclaimed and transferred to 612,300 𝑙𝑏𝑚 of make-up 
water. 
Table 11 shows the reclaimed energy by the basement heat exchanger for the months of January 
to September, along with the amounts of make-up water. The relationship between the 
basement heat exchanger’s make-up water flow rate and the energy savings were proportional, 
unlike the inverse relationship between the generated steam and the energy savings of the vent 
condenser. Table 11’s columns A and B are the monthly make-up water that was added to the 
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The values in columns C and D are the monthly values from columns A and B, but scaled to 30 
days, instead of the calendar months, in order to have same basis for evaluation.  
Table 11 and Fig. 55 show that the larger the make-up water flow rate through the heat 
exchanger, the greater the energy reclaimed from the blowdown water.  
Table 11. Monthly make-up water and reclaimed energy by the basement heat exchanger 
 
Month 














January (31 days)         785,180 
 
199,650,000 759,852 193,210,00 
February (29 days)  610,090 134,320,000 631,128 138,960,000 
March (31 days)  612,300 139,200,000 592,548 134,710,000 
April (30 days) 464,410 83,560,000 464,410 83,560,000 
May (27 days) 361,610 75,840,000 401,789 84,260,000 
June (30 days) 314,747 62,680,000 314,747 62,680,000 
July (31 days) 299,290 55,870,000 289,635 54,100,000 
August (31 days) 470,600 64,460,000 455,419 62,380,000 
September (30 days) 556,020 76,153,050 556,020 76,153,050 
 
The power plant consumed more make-up water in January in order to meet the campus demand 
for steam because of the low outside temperature. As a result, using Eq. (2.10), January had the 
largest reclaimed energy. The outside temperature increased from January to July, so less steam 
was needed, which meant that less make-up water flowed through the heat exchanger (Fig. 55). 
The large increase in make-up water in August and September as shown in Table 11 was because 
the SPP staff started using a water purifier (RO unit).  
The RO unit reduced the water’s TDS from about 3000-4000 ppm to less than 100 ppm [38]. So, 
much water was wasted while testing the new unit in August and September, and that caused 
the jump in the make-up water after July as shown in Fig. 55. 
Thus, August and September’s reclaimed energy values were not considered in the curve fit 
because it would be not accurate to considered the wasted water in energy estimation. By using 
January to July’s reclaimed energy, a more accurate relationship between the make-up water and 
reclaimed energy was produced.  
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Fig. 55. Energy savings results from January to September for the basement heat exchanger 
 
A polynomial relationship was determined from the curve in Fig. 55 in order to estimate the 
reclaimed energy by the basement heat exchanger for any month (𝑄𝑖) based on the make-up 




− 0.5565(?̇?𝑚_𝑢𝑝)𝑖 + 442834 ]                                                         (3.20) 
As for the vent condenser energy curve of Eq. (3.18), the accuracy of this equation was evaluated 
by using the months of January-July to predict other month’s reclaimed energy. The accuracy of 
this relationship was between 87-100%. This accuracy was founded by taking the ratio of the 
estimated values by Eq. (3.20) to the real values (see App. C1, Table C1.3, for the accuracy of the 
estimated energy values). This relationship has less accuracy than that of the vent condenser 
energy because the monthly energy calculation for the basement heat exchanger was based on 
only a few days (usually four days) to evaluate the whole month. So the evaluated energy value 
that was based on four days may be subject to error. 
Similar to the calculations of the vent condenser’s energy savings, the total energy reclaimed by 
the basement heat exchanger from January to September was about 8.92 𝑥 108 𝐵𝑡𝑢. However, 
since the basement heat exchanger was disconnected in October, 2016, Eq. (3.20) is not 
applicable for months after September. Section 3.4 shows this energy translates into saved fuel 
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3.3 Boiler and Overall Plant Efficiency Calculations 
The efficiency of a power plant is a major consideration, due to its impact on power 
consumption/production. The more efficient the steam generators are, the more fuel is saved in 
the process of forming steam. After calculating the monthly energy reclaimed by using the vent 
condenser and basement heat exchanger, the amount of fuel (i.e., natural gas in the KU SPP) that 
would be saved in the steam generator was calculated. The boiler efficiency and the overall plant 
efficiency were needed in order to determine the amount of saved fuel. The boiler efficiency is 
provided by the SPP daily log sheets, which is computed by the boiler’s control system. However, 
the boiler efficiency was re-calculated for this study as 




?̇?𝑠𝑡  ℎ𝑠𝑡    −  ?̇?𝐵𝐹𝑊   ℎ𝐵𝐹𝑊 
𝐿𝐻𝑉𝑓𝑢𝑒𝑙   𝑉𝑐𝑜𝑛𝑠.  𝑓𝑢𝑒𝑙 
                                                               (3.21) 
The data that was used in the efficiency calculations was also provided in the SPP’s log sheets 
(see App. B2 for SPP’s monthly log sheets). Here, the energy added by the boiler was represented 
by the steam energy that was gained from burning the fuel. The generated steam’s mass flow 
rate and the volume of consumed fuel were provided by the SPP’s monthly log sheets. The value 
of the natural gas LHV is 1018.6 
𝐵𝑡𝑢
𝑓𝑡3
 [21]. As mentioned in Section 2.2.1, the mass flow rate of the 
generated steam represents about 98% of the BFW because of the continuous dumped 
blowdown water that was estimated to be about 2% of the BFW. Assuming that the operating 








at 175 psig and 225 ℉ [17].  
The only changing terms that drive boiler efficiency in Eq. (3.21) are the generated steam mass 
flow rate, the feed water mass flow rate, and the volume flow rate of the consumed fuel. For 


























(100) = 97% 
There are four boilers in the KU SPP. They are labeled on site as boilers 1, 2, 7, and 8; and the 
efficiency is different for each boiler.  
Since the vent condenser and the basement heat exchanger recover energy and add it to the 
BFW, less fuel is needed to generate steam in the boiler, and that increases the boiler efficiency. 
The recovered energy from both heat exchangers has to be taken into account in the efficiency 
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calculation; so the boiler and the overall plant efficiencies were computed in order to find how 
much fuel could be saved. Equation (3.22) represents the overall efficiency, which includes the 
energy added by the vent condenser and the basement heat exchanger. 
𝜂𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝐵𝑜𝑖𝑙𝑒𝑟 + 𝜂𝑎𝑑𝑑𝑒𝑑 = 𝜂𝐵𝑜𝑖𝑙𝑒𝑟 +
𝑄𝑉.𝐶.+ 𝑄ℎ𝑒𝑥
𝐿𝐻𝑉𝑓𝑢𝑒𝑙   𝑉𝑐𝑜𝑛𝑠.  𝑓𝑢𝑒𝑙  
                                      (3.22)                                                        
In January for instance, the energy savings by the vent condenser and the basement heat 
exchanger was 265,430,000 𝐵𝑡𝑢, and 199,650,000 𝐵𝑡𝑢, respectively. The consumed fuel was 
44,377,800 𝑓𝑡3; and the calculated boiler efficiency was 92%. So the added efficiency by both 
heat exchangers was: 
 















(100) ≅ 1% 
This efficiency is added to the boiler efficiency in order to get the overall plant efficiency due to 
using both heat exchangers. 
So,  𝜂𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝐵𝑜𝑖𝑙𝑒𝑟 + 𝜂𝑎𝑑𝑑𝑒𝑑 = 93%.  
The energy reclamation rates in the vent condenser and the basement heat exchanger were 
calculated on per a minute basis because all of the data is digitally recorded by minute. So the 
overall all plant efficiency was also computed by minute. However, the efficiency values for the 
boiler and the overall plant were averaged on a monthly basis from January to August and are 
shown in Table 12. 
Table 12. Monthly boiler and overall plant computed efficiencies 
   Month 𝜼𝑩𝒐𝒊𝒍𝒆𝒓  
𝜼𝒂𝒅𝒅𝒆𝒅  
(due using both heat exchangers) 
𝜼𝑶𝒗𝒆𝒓𝒂𝒍𝒍  
January 0.92 0.010 0.930 
February 0.88 0.014 0.894 
March 0.96 0.018 0.978 
April 0.87 0.018 0.888 
May 0.89 0.020 0.910 
June 0.91 0.031 0.941 
       July 0.87 0.029 0.899 




According to Eq. (3.22), the relationship between the consumed fuel in the boiler and the 𝜂𝑎𝑑𝑑𝑒𝑑 
is inversely proportional. So the added efficiency by the heat exchangers in Table 12 increased 
from January to June because the generated steam decreased during those months. (See the 
steam generated in Table 10.) In July and August, the steam generated started increasing again. 
According to the efficiency calculations, the most efficient boilers are 7 and 8 because they were 
recently installed in the power plant. The efficiency calculations also showed that the higher 
efficiency values in Table 12 were associated with the months of January, March, June, and 
August, which was when boilers 7 and 8 were used (see App. B2 for which boilers were used 
within a given month). 
 
3.4 Natural Gas Savings by Heat Exchangers in the KU SPP  
        
The recovered energy from both heat exchangers in the SPP was employed to estimate the 
amount of natural gas that would be consumed in the boilers if no heat exchangers were used. 
The higher the recovered energy, the lower the amount of fuel consumed in transforming water 
to steam.  
 
As explained previously, computing the saved fuel is affected by the boiler efficiency. The 
efficiency was calculated in the Section 3.3 for the boiler and the overall plant. However, a point-
of-view might be discussed about which efficiency should be employed in the fuel savings 
calculations. Since the recovered energy by the heat exchangers was added to the BFW in the 
storage tanks, that means the BFW had higher energy than when no heat exchangers were used. 
So, it appears that the recovered energy by the heat exchangers was already taken into account 
in the boiler efficiency calculations, even if the 𝜂𝑎𝑑𝑑𝑒𝑑 was not added to find 𝜂𝑂𝑣𝑒𝑟𝑎𝑙𝑙. However, 
for comparison purposes, calculation of the saved natural gas was made for two cases: using the 
boiler efficiency, and using the overall plant efficiency, in order to determine the size of the added 
efficiency and how it could impact the amount of saved fuel.  
 
In Eq. (3.21), the efficiency equation was written in terms of the increased energy in the steam 
leaving the boiler divided by the energy released from the consumed fuel. It also can be written 





𝐿𝐻𝑉𝑓𝑢𝑒𝑙  𝑉𝑠𝑎𝑣𝑒𝑑  𝑓𝑢𝑒𝑙











                                                                                                                 (3.24) 
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𝜂𝑂𝑣𝑒𝑟𝑎𝑙𝑙  𝐿𝐻𝑉𝑓𝑢𝑒𝑙 
                                                                                               (3.25) 
 
 
For instance in February, 282,370,000 Btu was saved by the vent condenser, and 134,320,000 
Btu was saved by the basement heat exchanger; and the efficiencies were 88% and 89.4% for the 
boiler and the overall plant, respectively. So the fuel saved by both heat exchangers was  
 











   
 










































The difference between the two amounts of saved fuel for the vent condenser (i.e., 4930 𝑓𝑡3) 
and for the basement heat exchanger (2340 𝑓𝑡3)  was due to using the overall efficiency instead 
of the boiler efficiency. 
 
The saved fuel values shown above for February were computed based on the monthly energy 
savings as examples; but the actual calculations were based on minute-by-minute data for both 
heat exchangers. Examples of minute interval fuel savings calculations are shown in Tables 13 
and 14 during 30 minute periods for both heat exchangers in order to show the difference 
between the fuel savings for the two heat exchangers during the same time period. The fuel 
savings were summed minute-by-minute for the whole month to get the total monthly fuel saved 
in Table 15.  
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Table 13. Example calculation of the fuel saved by the vent condenser for 30 minutes on July 1, 2016 
 
Date and Time 
𝑇𝑟𝑖𝑠𝑒  
(℉) 
?̇? (lbm/min) 𝑄 (Btu/min) 𝜂𝐵𝑜𝑖𝑙𝑒𝑟 𝑉 (ft
3/min) 𝜂𝑂𝑣𝑒𝑟𝑎𝑙𝑙  𝑉 (ft
3/min) 
7/1/16 12:01 AM 12.68 744 9484 0.87 10.70 0.90 10.34 
7/1/16 12:01 AM 12.62 745 9452 0.87 10.64 0.90 10.29 
7/1/16 12:02 AM 12.58 747 9452 0.87 10.64 0.90 10.30 
7/1/16 12:03 AM 12.55 747 9431 0.87 10.62 0.90 10.27 
7/1/16 12:04 AM 12.62 744 9436 0.87 10.63 0.90 10.28 
7/1/16 12:05 AM 12.68 750 9569 0.87 10.78 0.90 10.42 
7/1/16 12:06 AM 12.72 746 9542 0.87 10.75 0.90 10.39 
7/1/16 12:07 AM 12.73 750 9591 0.87 10.80 0.90 10.45 
7/1/16 12:08 AM 12.76 744 9539 0.87 10.74 0.90 10.39 
7/1/16 12:09 AM 12.62 740 9389 0.87 10.57 0.90 10.23 
7/1/16 12:10 AM 12.50 749 9411 0.87 10.60 0.90 10.25 
7/1/16 12:11 AM 12.53 746 9400 0.87 10.59 0.90 10.24 
7/1/16 12:12 AM 12.61 746 9455 0.87 10.65 0.90 10.30 
7/1/16 12:13 AM 12.65 746 9493 0.87 10.69 0.90 10.34 
7/1/16 12:14 AM 12.67 748 9525 0.87 10.73 0.90 10.38 
7/1/16 12:15 AM 12.66 746 9500 0.87 10.70 0.90 10.35 
7/1/16 12:16 AM 12.67 745 9485 0.87 10.68 0.90 10.33 
7/1/16 12:17 AM 12.59 749 9477 0.87 10.67 0.90 10.32 
7/1/16 12:18 AM 12.52 745 9381 0.87 10.56 0.90 10.22 
7/1/16 12:19 AM 12.49 746 9365 0.87 10.55 0.90 10.20 
7/1/16 12:20 AM 12.51 749 9418 0.87 10.61 0.90 10.26 
7/1/16 12:21 AM 12.50 743 9335 0.87 10.51 0.90 10.17 
7/1/16 12:22 AM 12.47 746 9352 0.87 10.53 0.90 10.19 
7/1/16 12:23 AM 12.40 748 9323 0.87 10.50 0.90 10.15 
7/1/16 12:24 AM 12.35 746 9254 0.87 10.42 0.90 10.08 
7/1/16 12:25 AM 12.25 748 9208 0.87 10.37 0.90 10.03 
7/1/16 12:26 AM 12.18 750 9186 0.87 10.34 0.90 10.01 
7/1/16 12:27 AM 12.11 744 9060 0.87 10.20 0.90 9.87 
7/1/16 12:28 AM 12.05 743 9003 0.87 10.14 0.90 9.81 
7/1/16 12:29 AM 11.90 745 8913 0.87 10.04 0.90 9.71 




















Table 14. Example calculation of the fuel saved by the basement heat exchanger during 30 minutes on  
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                  July 1, 2016 
 
It can be seen from Table 14 that the energy and the fuel savings calculations for the basement 
heat exchanger were for just 16 minutes instead of 30 minutes because the solenoid valves were 
closed for 14 minutes during that period. So, during the 30 minute period, the calculations were 
actually just for 16 minutes. 
 
Tables 13 and 14 show that the total vent condenser energy savings for 30 minutes was 299,900 
Btu with an average of 9371 Btu/min; and the basement heat exchanger saved 24,900 Btu with 
an average of 1451 Btu/min. The vent condenser fuel savings for that period was around 330 𝑓𝑡3, 
with an average of 10.3 𝑓𝑡3/𝑚𝑖𝑛, and the basement heat exchanger saved around 27.6 𝑓𝑡3 with 
an average of 1.6 𝑓𝑡3/𝑚𝑖𝑛 . 
 
The difference between heat exchangers was attributed to the high water flow rate through the 
vent condenser in comparison to that of the basement heat exchanger, even though the 
temperature rise was higher for the basement heat exchanger.  
Table 15. Monthly fuel savings by both heat exchangers based on boiler and overall 
Date and Time 












7/1/16 12:00 AM 18.73 77.80 1464 0.87 1.65 0.90 1.60 
7/1/16 12:01 AM 18.14 77.80 1418 0.87 1.60 0.90 1.54 
7/1/16 12:02 AM 17.81 77.80 1392 0.87 1.57 0.90 1.52 
7/1/16 12:03 AM 17.65 77.80 1380 0.87 1.55 0.90 1.50 
7/1/16 12:04 AM 17.50 77.80 1368 0.87 1.54 0.90 1.49 
7/1/16 12:05 AM 17.49 77.80 1367 0.87 1.54 0.90 1.49 
7/1/16 12:06 AM 22.68 77.80 1773 0.87 2.00 0.90 1.93 
7/1/16 12:07 AM 17.89 77.80 1398 0.87 1.58 0.90 1.52 
7/1/16 12:08 AM 29.27 77.80 2289 0.87 2.58 0.90 2.49 
7/1/16 12:09 AM 26.81 77.80 2096 0.87 2.36 0.90 2.28 
7/1/16 12:24 AM 24.02 77.80 1877 0.87 2.11 0.90 2.05 
7/1/16 12:25 AM 19.38 77.80 1515 0.87 1.71 0.90 1.65 
7/1/16 12:26 AM 16.64 77.80 1301 0.87 1.47 0.90 1.42 
7/1/16 12:27 AM 15.06 77.80 1177 0.87 1.33 0.90 1.28 
7/1/16 12:28 AM 14.74 77.80 1152 0.87 1.30 0.90 1.26 






















                  plant efficiencies 
 Vent Condenser Basement Heat Exchanger 
 
Month 
𝑽𝒔𝒂𝒗𝒆𝒅   
based on  𝜼𝑩𝒐𝒊𝒍𝒆𝒓 
(𝐟𝐭𝟑 /𝐦𝐨𝐧𝐭𝐡) 
𝑽𝒔𝒂𝒗𝒆𝒅   
based on  𝜼𝑶𝒗𝒆𝒓𝒂𝒍𝒍 
(𝐟𝐭𝟑 /𝐦𝐨𝐧𝐭𝐡) 
𝑽𝒔𝒂𝒗𝒆𝒅   
based on  𝜼𝑩𝒐𝒊𝒍𝒆𝒓 
(𝐟𝐭𝟑 /𝐦𝐨𝐧𝐭𝐡) 
𝑽𝒔𝒂𝒗𝒆𝒅   
based on  𝜼𝑶𝒗𝒆𝒓𝒂𝒍𝒍 
(𝐟𝐭𝟑 /𝐦𝐨𝐧𝐭𝐡) 
January 
       283,300 
 
280,170         213,090 
 
210,730 
February 315,380 310,490 149,410 146,740 
March 324,020 317,740 144,280 141,880 
April 366,300 358,580 94,050 92,170 
May (27 days) 342,700 336,760 84,600 82,720 
June 425,950 413,870 66,290 65,460 
July 466,480  451,180 63,040 60,940 
August 413,240 402,670 68,260 66,470 
September 408,350 399,270 84,957 83,070 
October 406,430 397,400 N/A N/A 
November 350,300 342,520 N/A N/A 
December 338,160 330,640 N/A N/A 
Total: 4,440,610 4,341,290 967,980 950,180 
 
Table 15 shows that from January to July, the fuel saved by the vent condenser increased, while 
the fuel saved by the basement heat exchanger decreased. That was because the lower the steam 
generated by the boiler, the greater the condensate water flow was through the vent condenser, 
which means more energy was reclaimed. On the other hand, with lower generated steam, less 
make-up water was needed, so less energy was recovered from the boiler blowdown water. After 
July (August to December, 2016), the fuel saved by the vent condenser started decreasing again, 
while the fuel saved by basement heat exchanger started increasing. This change happened due 
the outside temperature that started decreasing again, which affected the amount of the steam 
generated.  
 
To calculate how much fuel savings reduced the SPP budget, the cost of natural gas was needed. 
A standard price of $0.0053/ft3 was used in the previous studies [2, 3] according to the campus 
energy engineer [21]. However, because of the recent global oil crisis, this cost has reduced to 
about $0.0025/ft3 (last updated in May of 2016), according to the U.S. Energy Information 
Administration [23]. 
 
Figure 56 shows the natural gas prices for the last 15 years for different consumers. The price 
used in this study was the “Electric Power Price”. So, according to this price ($0.0025/ft3), the 
annual savings from using the vent condenser in 2016 was about $10,850, and from using the 
basement heat exchanger was about $2,380 (by considering the fuel amounts that were 




Fig. 56. Standard natural gas cost over the last 15 years for different types of consumers 
[reproduced from Ref. 23] 
 
In conclusion, the total energy reclaimed from the DA’s vented steam by the vent condenser in 
2016 was about 4.38 𝑥 109 𝐵𝑡𝑢 as heated condensate water and condensed steam. While 
8.92 𝑥 108 𝐵𝑡𝑢 as heated make-up water was reclaimed from the boilers’ blowdown water by 
using the basement heat exchanger between January to September of 2016.  The total natural 
gas savings by using both heat exchangers in the KU SPP was about 5.64 𝑥 106 𝑓𝑡3,  which 
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Chapter Four: Re-evaluation of CSP/VSP Power Consumption Based on    
                          Calibrated Flow Rates and New Operating Conditions 
 
The pumping system in the KU SPP has four pumps to pump the condensate water at a pressure 
of 40-50 psig to the DA and the vent condenser (explained in Chapter One). In order to balance 
“wear” on the pumps, each one is run for one week during each month. Three of these pumps 
are constant speed pumps, while the fourth is a pair variable speed pumps, which were 
previously installed by Schmidt [4]. Two pumps are involved in the power evaluation: the 
constant speed pump (CSP) is a Worthington D-824 (see App. D1), and the variable speed pumps 
(VSP) are Grundfos CRE 15-3 (see App. D2). The pair of variable speed pump are connected to the 
same suction and discharge pipe lines, and they can work together or separately depending upon 
need. The control system of the VSP has two operation modes: pressure control mode which 
drives the pumps’ speeds depending upon the desired discharge pressure, and level control 
mode which drives the pumps’ speeds depending on the desired condensate water level inside 
the DA. 
Power consumption and evaluation were conducted in the previous studies [2, 3, 4] based on the 
two types (CSP and VSP) of pumps, as well as the two operating modes for the Grundfos VSP. The 
power consumption for the pumping systems was based on calibrated flow rates using calibration 
curves (see Section 1.5.2) for the Siemens flow meter downstream the CSP and VSP. Data was 
recorded around the Worthington and Grundfos pumps by employing flow meters, pressure 
transducers and power transmitters (these instruments are given in detail in Sections 4.1 and 
4.2). This data was recorded continuously as long as these pumps were running in order to 
compute the annually consumed power of the CSP and VSP. 
 
4.1 Constant Speed Pumping System (CSP) 
In previous studies [2, 3], three methods were used to determine the power of the CSP in the KU 
SPP. Those methods were: recording the consumed power using a power meter with a data 
logger; using the Worthington pump’s performance curves (see the pump curve in App. D1), and 
computing the power based on the pump operating’s characteristics. These three methods can 
be used to verify the pump’s consumed power for different operating conditions. For 
comparison, the percentage error was computed among the three methods. In this study, the 
calculated power consumption is based on corrected flow meter readings by employing the 
calibration curve from Fig. 18. 
Even though the Worthington pump has a constant rotational speed and impeller diameter, the 
output pressure varies between 40-50 psig, because it depends on the system operating point 
(where the pump curve and the system curve intersect). 
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The condensate water loses 7-10 psig between the pumps and the DA due to DA elevation 
change, frictional losses in the pipes, and elbow and valve losses in the pipe line. Then, pressure 
is reduced to 8-10 psig by the control valve in order to meet the DA’s operating conditions. For 
any pumping system, the performance curve is essential for evaluating the required power and 
the efficiency at any operating point of the system.  …          
                                                                                     .  
For a known pump, the impeller diameter and motor speed are constant, so the pump curve is 
fixed. The operating point on the pump’s curve is dependent upon the characteristics of the 
pumping system in which it is operating. The operating point of a pump is a relationship between 
pump flow rate and hydraulic losses in a system. So, this point changes as the system’s properties 
change, such as frictional losses in the pipe line and valves opening/closing. 
The operation point can be represented as parabolic shape, shown in Fig. 57, because the 
frictional losses vary with flow rate squared for the system curve. A pump curve is essentially 
















Fig. 57. Typical pump curve for a constant speed pumping system  
[reproduced from Ref. 24] 
 
By plotting the system curve and pump curve together, the following can be determined:  
1. where the pump will operate on the curve.  
2. changes that may occur in the pump’s operating conditions, including the pump efficiency 
[24]. 
The performance curve in Fig. 57 is for a pumping system where the suction and the discharge 




The system curve in this case starts at zero head and zero flow, so a parabolic shape results from 
the frictional losses along the pipe line. However, the shape of the curve can be changed when a 
throttling valve is used, such as the DA’s control valve of the KU SPP. 
The system curve can be started from a positive or negative head in addition to the frictional 
losses through the pumping system. A positive static head shifts the curve up for the pump at the 
zero flow rate (see Fig. 59). 
        
Fig. 58. Typical pump curve for a constant speed pumping system with a positive static  
head (H) [reproduced from Ref. 24] 
 
For a specific system, same flow occurs due to gravity alone. That means the suction side head 
of the pump is above that of the discharge side, and such a system has pump curve with negative 
initial head (see Fig. 59).  












Fig. 59. Typical pump curve for a constant speed pumping system with a negative static 
 head (-H) [reproduced from Ref. 24] 
 
For the KU SPP condensate water pumping system, the Worthington pump curve is fixed, but the 





DA. That valve has a major effect on the operating point of the system curve since it affects the 
pump flow rate and discharge pressure (or the positive static head). Figure 60 shows the 
performance curve for the Worthington D-824 (CSP). The pump’s power and the efficiency can 
be found in Fig. 60 by knowing the flow rate (in gpm) or the pressure head (in ft). 
The marked point (red triangle) on the pump curve in Fig. 60 represents the maximum 
operational limit of the Worthington pump that is used in the KU SPP. The operational limits for 
the Worthington pump in the KU SPP are 225 gpm and 105 ft for the pump discharge flow rate 
and pressure head, respectively.  
                   Fig. 60. Worthington D-824 performance curve [reproduced from App. D1] 
By knowing the flow rate and discharge pressure of the pump, the hydraulic horsepower of the 
pump can be computed (see Eq. 4.27). Once the hydraulic horsepower is known, the brake 
horsepower can be determined as  
?̇? (𝑏ℎ𝑝) =    
?̇? (ℎℎ𝑝)
 𝜂𝑃 
                                                                                                                            (4.26)  
based on the pump efficiency that can be found from the manufacturer’s pump curve (Fig. 60).  
For power in kW, and given the overall efficiency of the pumping system (i.e., the pump and the 
motor efficiencies) the total brake power of the pumping system is [25]  
 ?̇? = 
𝑚  ∆𝑃 
𝐶2 𝜂𝑃  𝜂𝑚 
 (𝐶3)                                                                                                                           (4.27) 
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where 𝐶2 = 1714 
𝑙𝑏𝑓 𝑔𝑝𝑚 
 𝑖𝑛2 ℎ𝑝
, 𝑎𝑛𝑑 𝐶3 = 0.746 
𝑘𝑊
ℎ𝑝
. All terms in Eqs. (4.26) and (4.27) are defined in 
the Nomenclature; and ∆𝑃  is the pressure rise from the suction to the discharge sides of the 
Worthington pump.  
The efficiency that is found from the performance curve of the Worthington pump in Fig. 60 is 
the pump efficiency (𝜂𝑃), while the motor efficiency (𝜂𝑚 ) was 0.875, as shown on the 
manufacturer’s specification tag (a picture of the motor tag is in App. D1-1). 
 
4.1.1 Re-evaluation of the Power Consumption for the Worthington CSP Based on   
         the Flow Rate Calibration Curve 
 
Even though the Worthington pump in the KU SPP has a fixed rotational speed, the power is not 
constant because of the changing operating point on the pump curve. The operating point is 
dependent upon the pump flow rate and discharge pressure (including static head). The 
operating point for the Worthington pump varies with throttling by the DA’s control valve in 
order to control how much condensate water is needed in the DA to meet the steam demand. 
A Siemens flow meter (Siemens Mag 5100 W DN 100, see App. A8) and a pressure sensor (Omega 
pressure transducer PX43E0-200GI, see App. D3) are employed to measure the flow rate and the 
pump’s discharge pressure at minute time intervals, and these data is recorded by the HOBO data 
logger. A power monitoring transducer (Veris Power Monitoring H8044-0100-2 current transducers, 
see App. D4) is employed to record the power consumption by the pump. All measuring sensors and 
instruments were installed by Schmidt in a previous study [4]. It was found later during this study 
that the Omega pressure sensor was reading about 2 psig higher than the actual value. So, this 
sensor was replaced with a Danfoss pressure sensor (MBS3000, see App. D6), and that pressure 
reading error was corrected in the power calculations that were based on the Omega sensor.  
The power consumed by the Worthington pump was recorded at minute time intervals for a 
week every month from February until August. During February 8-15, 2016, the pump’s average 
flow rate was 192.2 gpm, the average discharge pressure was 44.11 psig, and the average 
recorded power consumed was 5.45 kW. However, the recorded flow rate was corrected by using 
the correction equation (Eq. (1.8)) from the calibration curve in Fig. 18. So, the flow rate value 
that was considered in the power calculations was the calibrated value, which is 198.8 gpm, 
instead of 192.2 gpm.  
The power was evaluated by another method using the pump curve in Fig. 60. The required 
power and the efficiency of the pump were read from the performance curve depending only on 
the calibrated flow rate. Therefore, the power consumption was found to be 5.8 kW during the 
period February 8-15, 2016. 
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The consumed power by the Worthington pump was also computed by employing Eq. (4.27) in 
order to verify the validity of the recorded power consumption by more than method. For 
instance, the consumed power during the same period in February, 2016 was calculated based 
on the average data gathered during that week as (which is based on the calibrated flow rate) 
 
?̇? = 








 ) = 6.08 𝑘𝑊      
 
                
where ∆𝑃 is difference between the pump discharge pressure (44.11 psig) and the suction 
pressure (average 1.65 psig) on the inlet side of the Worthington pump. This was the average 
brake horsepower (in kW) for the Worthington pumping system. The pump efficiency was 
determined to be 69% from the pump performance curve by using the calibrated flow rate (198.8 
gpm). The three power calculations show that the Eq. (4.27)’s power value was the highest 
among the three methods. 
Figure 61 shows the recorded data for the CSP from February 8-15, 2016. The sudden effect of 
throttling can be recognized from the data plot of the flow rate and the discharge pressure. The 
areas in the red circles (as examples) show when the DA’s control valve throttled the flow more. 
Also, it can be seen in Fig. 61 that the corrected flow rate was higher most of the time, 
approximately 6-7 gpm, than the recorded flow rate from the Siemens flow meter sensor; and 
that difference makes the calculated power higher when using Eq. (4.27). 
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Due to the high steam demand during March 14-20 (Fig. 62), more condensate water was needed 
by the DA, so the DA control valve opened for more condensate water to flow in; and, as a result, 
the pump’s discharge pressure went down. The pump’s characteristics in March were an average 
of 183 gpm, 44.2 psig, and 5.74 kW.  
The pump curve shows that the average power was 5.67 kW based on the calibrated flow rate. 
Employing Eq. (4.27), the consumed power by the Worthington during that period was 
determined to be 4.47 kW using the calibrated flow rate. 
Since the DA control valve was releasing more water to meet the steam demand during the 
period of March 14-20, 2016, the flow rate and the discharge pressure were inversely related as 
shown in Figs. 62 and 63. So, in Fig. 62, flow and pressure characteristics are analyzed on the first 
day (March 14 or Point A) and on the last day (March 20 or Point B) of that period in order to 
understand how the power and the efficiency respond to such a change in the operating 
conditions.   
At Point A, when the flow was about 157 gpm, the recorded power was 5.4 kW, and the pumping 
system efficiency was 60%. At Point B, the power was 6.1 kW, and the efficiency was about 72% 
when the condensate water flow rate was about 220 gpm. 
 
Fig. 62. Worthington CSP flow rate and pressure readings for March 14-20, 2016 
The pump curve in Fig. 60 shows that, even though the Worthington pump consumed more 
power as the flow rate increased, the pump efficiency also increased. That can be explained 
because pump efficiency is proportional to the hydraulic horsepower of the pump, which is 
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Figure 63 shows the recorded flow rate and the discharge pressure of the pump for April 4 to 11, 
2016. The average calibrated flow rate was about 150 gpm, and the discharge pressure was about 
47 psig (see Tables 16 and 17 for power consumption during this period). The vent condenser 
pipe line was isolated between 4/6/16 8:49 AM and 4/8/16 9:09 AM due to urgent pipe line 
maintenance. As a result, the pressure in the pipe line before the vent condenser increased 
suddenly from about 42 psig to 51 psig because the condensate water was trapped in the vent 
condenser pipe line. This caused the flow rate to drop from about 175 gpm to 75 gpm during that 
period.  
Fig. 63. Worthington CSP flow rate and pressure readings for April 4-11, 2016 
All gathered data (i.e., power, flow rate, and pressure) around the pump was averaged for use in 
the power calculation, but it was not accurate to use the average values for some months when 
the data was varying in different operating ranges, such as in Figs. 61, 62, and 63. So, time-
weighted readings were used for the periods when there were dramatic changes (see reading 
changes in Figs. 61, 62, and 63). For example, for April, the data was time-weighted based on 
three time periods (see Fig. 63).  
Power evaluation based on the three approaches (i.e., recorded, pump curve value, and Eq. 
(4.27)) was performed for each period separately. Then, the three periods were time-weighted 
as shown in Table 16.  
Table 16 shows the three periods in Fig. 63 with time-weighting for each period, where the total 



































Table 16. Time-weighted power consumption calculation for April, 2016 data shown in Fig. 63 
 
The time-weighting process was conducted for February, March, and April. It was not needed for 
other months (May, June, July, and August) because all readings during those months were 
consistently in the same ranges. So time-weighting would not change the final result (see App. 
D5 for plotted data for May, June, and July). Table 17 shows the average power consumption by 
the Worthington constant speed pump for the months of February to August for the three 
different approaches.  
Table 17. Comparative evaluation of power consumption of the Worthington CSP as determined by        
                  three methods, from February to August, 2016 
 
Period 1  
(171.5 gpm; 45 psig) 
Period 2 
(88.7 gpm; 51.8 psig) 
Period 3 
(173 gpm; 45.3 psig) 
Power by Power Transducers 
 𝑾𝟏̇  (kW) 
5.60 4.47 5.60 
Power by Pump Curve 
 𝑾𝟐̇  (kW) 
5.43 4.33 5.37 
Power by Eq. (4.27) 
 𝑾𝟑̇  (kW) 
5.12 4.38 5.19 
















Total Time-weighted  𝑾𝟏̇  (kW) 5.60 (
45.4
165.5
) + 4.47 (
48.1
165.5
) + 5.60 (
72
165.5
) = 5.27 
Total Time-weighted  𝑾𝟐̇  (kW)  5.43 (
45.4
165.5
) + 4.33 (
48.1
165.5
) + 5.37 (
72
165.5
) = 5.09 
Total Time-weighted  𝑾𝟑̇  (kW) 5.12 (
45.4
165.5
) + 4.38 (
48.1
165.5
) + 5.19 (
72
165.5
) = 4.94 
Month, days 
Recorded Power by Data 
Logger  𝑾𝟏̇  (kW) 
Power Based on the Pump 
Performance Curve    𝑾𝟐̇  (kW) 
Power Computed by Eq. (4.27)                               
𝑾𝟑̇  (kW) 
February, 8-15 5.95 5.80 5.54 
March, 14-20 5.74 5.50 5.59 
April, 4-11 5.27 5.09 5.65 
May, 3-9 5.48 5.15 5.68 
June, 1-6 5.19 4.92 5.34 
July, 2-9 5.52 5.37 5.54 
August, 22-29 5.63 5.37 5.68 
110 
 
The percent differences among the three power results are shown in Table 18. Equation (4.28) 
was employed to determine the difference between recorded and the pump curve values. 
Equation (4.29) was employed to determine the difference between recorded and computed 
[from Eq. (4.27)] values. Equation (4.30) was employed to determine the difference between 
pump curve and computed (from Eq. (4.27)) values.  
 𝑒1 (%) = 
𝑊1̇ −𝑊2̇
𝑊1̇
  (100)                                                                                                                                       (4.28) 
 𝑒2 (%) = 
𝑊1̇ −𝑊3̇
𝑊1̇
  (100)                                                                                                                                       (4.29) 
 𝑒3 (%) = 
 𝑊2̇ −𝑊3̇
𝑊2̇
  (100)                                                                                                                                      (4.30) 
The idea behind calculating the differences was to determine which two methods of calculating 
the power consumption agreed better, which indicated the more trustworthy approach (or 
approaches) to be considered in the Worthington power consumption evaluation. 
Table 18. Percent differences among the three methods of calculating the power consumption  
                 of the Worthington pump 
                   
Month, days  𝒆𝟏 (%)  𝒆𝟐 (%)  𝒆𝟑 (%) 
February 8-15 2.52 6.84 4.43 
March 14-20 4.18 2.64 -1.61 
April 4-11 3.42 -7.13 -10.92 
May 3-9 6.02 -3.65 -10.29 
June 1-6 5.20 -2.84 -8.84 
July 2-9 2.72 -0.41 -3.22 
August 22-29 4.60 -0.89 -5.75 
 
Table 18 shows that the most stable difference values were between the recorded power and 
the pump curve power (i.e.,  𝑒𝟏), while  𝑒2 and 𝑒3 fluctuated between positive and negative 
values.  It was concluded from Tables 17 and 18 that the most trustworthy power value was 𝑊1̇  
for the following reasons. Table 18 shows that  𝑒1 was more stable because of more consistent 
readings of 𝑊1̇  and 𝑊2̇ . However, the power and the efficiency that were found from the pump 
curve may have been subject to about a 3-5% error because they were determined based on 
using the pump curve chart manually. That chart has some error in reading values, especially the 
power value because the chart can give the same power value for any flow rate value within 
about ± 5 gpm (see Fig. 60), which means inaccurate readings of 𝑊2̇ . 
Since 𝑊3̇  was dependent upon the data that were gathered by the flow and pressure 
instrumentation, that means the computed power was subject to many errors which were 
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associated with the employed instrumentation. Pump aging may have also reduced the pump 
efficiency over time which increased the consumed power. Thus, the computed power by Eq. 
(4.27) may have been higher than that shown in Table 17, which would increase the value of 𝑒3.  
In conclusion, the power value obtained by power monitoring transducers (𝑊1̇ ) can be considered 
as the most trustworthy value in the Worthington power consumption calculations because this 
method depends on measuring the current flow through the pump power supply wiring with high 
accuracy (±1%) of the rated current reading [26]. 
 
4.2 Variable Speed Pumping System (VSP) 
The Grundfos CRE15-3 pumping system (HYDRO MPC E 2CRE15-03 3X460V BASIS 60Hz, see App. 
D2) is a pair of pumps that work simultaneously in a controlled process depending on desired set 
point of pressure or level. These pumps are rotational speed controlled, and each pump is 
equipped with an integrated variable frequency drive motor (VFD). The system performance is 
adapted to the load or the demand through cutting in/out the pumps. The pumping system can 
provide a pressure of 232 psig and a flow rate of 244 gpm as a maximum operating limit [27]. 
This system can operate in two control modes: pressure and level.  
 
4.2.1 Pressure Control Operation Mode 
The pressure control operation mode depends on setting the desired discharge pressure of the 
pumps. For the Grundfos CRE15-3, the pressure mode target is set to 3 bar (43.5 psig). The GCS 
has a pressure sensor (Danfoss pressure transducer MBS 3000, see App. D6) to read the discharge 
pressure of the pumps and compare it with the set point. The VFD system runs one or both 
pumps, or operates them at different rotational speeds in order to maintain the pressure set 
point when the flow rate demand of the condensate water varies. 
 
 As an operational principle, this mode is similar to that of the Worthington CSP because the 
pumps’ discharge pressure in this case still needs to be controlled at the DA in order to reduce 
the pressure to 8-10 psig. Even though the needed pressure in this mode is constant, the pumps’ 
speed varies usually between 86%-99% of full speed, in order to meet the flow demand.  
 
It is possible to run the pumps in the pressure control mode at low pressures (about 8-10 psig at 
the DA) to meet the DA required pressure. So there would be no need to use the control valve 
before the DA. The advantage of this mode is saving more energy by running the pumps at low 
pressure, as well as there would be no losses due to diverting the excess condensate water. 
However, there is a disadvantage in operating at low pressure because that pressure will not be 
high enough to force the condensate water reach the vent condenser; so no energy is recovered 
from the DA’s vented steam.  
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4.2.2 Level Control Operation Mode 
The level control mode depends on the desired set point of the condensate water level inside the 
DA. The VFD controls the pumps’ speeds to increase and decrease the flow rate in order to keep 
the water level at 52% of the tank’s total volume capacity. There is a magnetic level transducer, 
Gems-Suresite [28], that was installed by Schmidt [4] at the DA tank in order to sense the water 
level and send the signal to the GCS. The discharge pressure of this mode is lower than that of 
the pressure mode (about 10-25 psig), and the DA control valve is kept fully open. That is because 
there is no need to use the control valve to reduce the pressure as long as the target tank level 
is maintained by the pumping system. 
 
So, with this pressure range (i.e., 10-25 psig), the provided pressure head is between 25-60 ft. 
which is, in some cases, not enough to reach the vent condenser on the first floor because the 
vent condenser is at an elevation of about 40 ft. above the pumps (which means at least 17 psig 
is needed, see Eq. (4.31)). Since 10-25 psig is not always enough to push the condensate water 
to the vent condenser, the vent condenser’s steam pipe line is isolated by closing a manual valve, 
whenever this mode is used. The vent condenser is isolated whenever the level mode is used 
because, only the steam would flow through the vent condenser, while no condensate water 
would flow due to the low pressure head. This would increase the temperature of the vent 
condenser’s metal to more than 200 ℉. So the steam line had to be closed in order to keep the 




At high flow demand, both pumps run at full speed; and once the demand is met, the VFD starts 
reducing both pumps speed until they reach 70% of full speed. Then if the flow rate needs to 
reduce further, one of the pumps is shut down, while the other keeps running until it reaches 
42% of full speed. This is the minimum performance point of the VSP pumping system. The 
minimum performance was set at 42% of full speed after many operational trials had been 
conducted in the previous studies [2, 4]. The minimum performance mode was set in order to 
keep condensate water flowing into the DA whenever the set point is met.  
The minimum performance mode was also used to protect the piping and pumping systems from 
steam backflow from the DA to the pumps, by keeping the condensate water always flowing 
toward the DA. Once the pumps speeds went below 42%, the pressure in the condensate water 
pipe line was not enough to overcome the DA’s steam pressure, which caused pressure 
hammering in the pipe lines, according to Alabdullah [2].  
Whenever the condensate water level went below 52% of the DA’s full level, the minimum 
performance mode was deactivated; and the running pump started speeding up until it reached 
70% of full speed.  Once this speed was reached, the other pump was automatically activated by 
the GCS in order to run simultaneously and maintain the desired set point. 
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4.2.3 Re-evaluation of the Power Consumption for the Grundfos CRE15-3 VSP    
         Based on the Flow Rate Calibration Curve 
 
The operating principle of the VSP is different than that the CSP because the operating point of 
the Worthington is dependent only upon changes in the system curve due to DA control valve 
action. The CSP pump curve is fixed since the impeller diameter and the pump rotational speed 
are constant. On the other hand, the operating point of the Grundfos pumps is dependent upon 
both pump curve and the system curve. The pump curve changes with the pump rotational 
speed. Figure 64 shows the Grundfos CRE15-3 pump curves at different speeds. 
Fig. 64. Grundfos CRE15-3 variable speed pumping system curve [29] 
Figure 64 shows a sample of the multiple pump curves for the Grundfos CRE15-3, unlike the 
constant speed pumping system that has just one curve. As an example, the operating point in 
Fig. 64 is defined at the pump speed (87 % line) with a flow rate 190 gpm. The pumps’ power, the 
pump efficiency and the overall pumping system’s efficiency are determined by using the flow 
rate and pressure head as the curves inputs. So, these inputs produce the operating point in the 
performance curve as shown in Fig. 64. 
The system curve is dependent upon the flow rate and pressure head (in ft.) for a variable 
pumping system. However, since the pressure control mode maintains the pressure constant 
around the set point, which means the pump head is almost constant, the system curve is 
dependent upon the flow rate only.  
Pump curves at different 
rotational speeds 
Operating point 




The operating point at which the system curve and the pump curve intersect is defined by flow 
rate and pressure head. The system curve for the pressure control mode is the same as for the 
Worthington pump because the system is affected by DA control valve throttling.   
For a pumping system, 1 psig is required to lift 62 ℉ water 2.31 ft. [30]. Thus, Grundfos CRE15-3 





                                                                                                                            (4.31) 




, and specific gravity for the condensate water (𝛾) at about 160 ℉ is 
0.975. See Fig. 65 for the specific gravity of water at different temperatures. ∆𝑃 in Eq. (4.31) was 
employed instead of the discharge pressure, so H was computed for the pump’s real head by 
excluding the static head due to the pump’s inlet pressure. 
The net pump head was also computed by subtracting the static head due to the inlet pressure 
from the pump head due to the discharge pressure as 




Fig. 65. Water specific gravity chart for 32-580 ℉ [reproduced from Ref. 32] 
The GCS recorded the pumps’ discharge pressure, rotational speeds, flow rate, and power 
consumption. Grundfos E-product PC Tools (see App. D2-1) was used in order to continuously 





These parameters were recorded for irregular time intervals (∆t), because the GCS recorded data 
only when a change occurs in these parameters. However, the Siemens flow meter (Siemens Mag 
5100 W DN 100, see App. A8), and the Danfoss pressure sensor (MBS 3000, see App. D6) 
measured the flow rate and the pump’s suction pressure at minute intervals.  
Equation (1.9) (see Section 1.5.2) from the flow rate calibration curve in Fig. 19 was employed to 
correct the Siemens flow meter readings. The average value of the calibrated flow rate was higher 
by about 5-8 gpm than the recorded flow rate. On the other hand, the flow rates that were 
recorded by the GCS were, on average, 20-45 gpm higher than the Siemens readings. So, after 
the Siemens flow rate readings were adjusted using the flow rate calibration curve, the difference 
from the GCS was reduced to about 13-38 gpm. So, this difference was still high even after using 
the flow calibration curves. 
For the periods March 8-14 and April 13-15, 2016, Figs. 66 and 67 show the flow rate difference 
between the GCS and the Siemens flow meter readings. Both figures show that the discharge 
pressure was fairly constant, around 42.9 psig, because of the Grundfos pump pressure control 
mode. During March and April, the flow rate varied around 180 gpm as measured by the Siemens 




Fig. 66. The flow rate that was read by the GCS and the Siemens flow meter for                      




































Fig. 67. The flow rate that was read by the GCS and the Siemens flow meter for                       
April 13-15, 2016 
 
The power consumption comparison was based on the power that was recorded by the GCS, 
taken from the pump curve and computed power using the gathered data (see Eq. (4.33)). Since 
the power obtained from the pump curve and Eq. (4.33) depended upon the flow rate, the power 
comparison was conducted twice: by using the GCS flow rate, and the Siemens flow rate. The 
corrected Siemens flow meter readings were considered to be trustworthy since the flow meter 
was calibrated (see Section 1.5.2). 
Table 19 shows the average flow rates that were recorded by the GCS and the Siemens flow 
meter, as well as the pump speed and discharge pressure. In February, the pump’s speed was 
higher than for other months because the of the high BFW demand. The higher the pump speed, 
the greater the flow rate provided at the same pressure. Also, it can be seen from Table 19 that, 
even though the pump’s speed was changed by the GCS in order to maintain the required BFW, 
the discharge pressure was consistent at about 43 psig.  
No data was recorded from the Siemens flow meter in June because the DC power supply and 
the Hobo data logger were moved during that period to conduct a temperature analysis and tests 
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Table 19. Grundfos pump operation data from February to August according to the GCS and the 
                  Siemens flow meter 
Month, days 
Pumps Speed  
[percentage of full speed] 
P (psig)   
 
m (gpm)  
[from the GCS] 
m (gpm) 
 [calibrated 
Siemens flow rate] 
February 15-22 94 % 42.99 228.5 189.9 
March 7-14 88 % 42.98 200.6 177 
April 11-18 88 % 42.98 195 175 
May 9-14 88 % 42.98 202.5 175.5 
June 11-15 86 % 42.92 185.3 No data recorded 
July 4-11 85 % 42.92 181 161 
August 1-8                        88% 42.98 195 160.3 
 
Since the pressure loss between the pumps and the DA is about 8 psig due to piping and the DA’s 
elevation, and the required pressure in the DA is about 10 psig (as a maximum), the condensate 
water pressure in Table 19 could be set to about 18 psig, instead of about 43 psig. So, a lower 
power pump could be used to save power. In addition, there would be no need, in this case, to 
use the DA control valve to throttle the surplus pressure and flow. However, by setting the 
Grundfos pump discharge pressure to 18 psig (or using a low power pump to provide this 
pressure), the pressure head is not large enough for the condensate water to reach the vent 
condenser (at least 17 psig is needed to reach the vent condenser, according to its elevation); so 
no energy could be recovered from the vented steam.  
However, it was found from a previous study [3] that the yearly savings by using the vent 
condenser was $20,498, while the yearly savings by using a low power pump (meaning that the 
vent condenser was not used) was $2,505 (see Table 11, Section 4.iii of Ref. 3). So, setting the 
pump to pressure of 20 psig or using low power pump would not be efficient with regard to 
possible savings. 
Equation (4.27) can be written for the Grundfos CRE15-3 to compute the required pump power. 
Taking into account the motor, pump and VFD efficiencies, the Grundfos power calculation gives 
[25] 
?̇? = 
𝑚  ∆𝑃 
𝐶2  𝜂𝑚  𝜂𝑃  𝜂𝑉𝐹𝐷 
 (𝐶3)                                                                                                             (4.33) 
 
All terms are defined in the Nomenclature. The pump and motor efficiencies can be determined 
from the manufacturer’s pump curve (see Figs. 68 and 69). 
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The VFD efficiency is not known or determined by the pump curve. After contacting the 
manufacturer, it was found that the VFD efficiency is included with the efficiency that is 
determined from the curve as an overall efficiency. Figure 68 shows the pump curve for the 
Grundfos pump during March 7-14, 2016 when using the average GCS flow rate (200 gpm) and 
the net pump head (98 ft). The net head means that the suction head (≈ 4 ft.) due to the suction 
pressure (1.7 psig) was subtracted from the pump head (102 ft). The flow rate and net pump 
head are used as the pump curve’s inputs in order to specify the operating, or duty, point of the 
pump. 
Fig. 68. Performance curve based on the GCS flow rate for March 7-14, 2016                
[reproduced from Ref. 29] 
It can be noted from Fig. 68 that the operating point of the pump is located at the 88% curve, 
which represents the pump’s actual speed as a percentage of full speed (see Table 18 for the 
actual recorded percentage speeds). The consumed power that was determined by the pump 
curve in Fig. 68 was 6.4 kW, and the overall efficency (which included those of the pump, motor, 
and VFD) was 56.8 %. 
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Furthermore, the required power that was computed by Eq. (4.33) was 6.35 kW, while the the 
power that was recorded by the GCS was 6.4 kW. So, the power obtained from the recorded data 
was about 1.6% less than the recorded or the pump curve values. 
Figure 69 shows the performance curve that was based on the average Siemens calibrated flow 
rate (177 gpm) instead of the GCS’s flow rate, and the net pump head for determining the 
operating point. The consumed power from the pump curve in Fig. 69 was about 5.53 kW, and 
the overall efficiency was 58.2 %. The required power that was computed by Eq. (4.33) was 5.47 
kW. See Table 19 for each month’s power that was obtained by the three different approaches. 
Fig. 69. Pump curve based on the Siemens meter’s flow rate for March 7-14, 2016        
[reproduced from Ref. 29] 
So, the pump curve gave about 13% less than the GCS’s recorded power; and the computed 
power was about 14.5% less than the GCS’s recorded power. However, the Grundfos pump 
power calculation and evaluations were based on the Siemens calibrated flow rate instead of the 
GCS’s flow rate. This is because the GCS flow value is not measured physically by a flow meter or 
any other measuring device, but is found using a theoretical relationship between the pump 
speed and head. 
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This was confirmed because, whenever the GCS’s flow rate was applied to the pump curve, the 
operating point was located on a pump curve where the speed was the same as the actual 
recorded speed in March. See Table 19 and Fig. 69 for the actual recorded speed and estimated 
speed from the pump curve.  
That information was interpreted as follows. The GCS employs the pump speed and discharge 
pressure (these two parameters are actually measured) to determine the pump flow rate, using 
these parameters on a digital pump chart. This procedure was applied to all other months by 
using GCS flow rates. Table 20 shows the power consumption for the Grundfos CRE15-3 that was 
obtained by the GCS, the pump curve and Eq. (4.33). 
Table 20. Power consumption of the Grundfos VSP (determined by three approaches) from February  
                 to August with calculation of percent difference [𝑾𝟐̇  𝐚𝐧𝐝 𝑾𝟑̇  were based on the Siemens  




The recorded GCS power (𝑊1̇ ) is the highest among the three approaches because it depends on 
the flow rates that were recorded by GCS, which were, on average, 20-45 gpm higher than the 
Siemens flow rates (see Table 19). The computed differences between the power values that 
were obtained using the three different approaches were determined using Eqs. (4.28), (4.29), 
and (4.30).  
𝑒1 and  𝑒2  have the highest differences because both difference depend upon 𝑊1̇  which was 
the largest among the three approaches. Meanwhile, 𝑒3 was very low because it depended upon 
𝑊2̇  and 𝑊3̇ ; and both power values were determined based on the Siemens flow rate. 
Table 21 shows the same calculations of the power consumption and the differences as for Table 















  𝑾𝟏̇  (kW) 7.74 6.40 6.81 6.81 5.90 6.47 
 𝑾𝟐̇  (kW) 6.01 5.53 5.49 5.46 4.96 5.13 
 𝑾𝟑̇  (kW) 5.90 5.47 5.43 5.41 4.91 4.89 
 𝒆𝟏 (%) 22.4 13.5 19.4 19.8 15.9 20.7 
 𝒆𝟐 (%) 23.1 14.5 20.2 20.5 16.7 24.4 
 𝒆𝟑 (%) 1.0 1.1 1.1 0.9 1.0 4.7 
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Table 21. Power consumption of the Grundfos VSP (determined by three approaches) from February   
                  to August with calculation of percent difference [𝑾𝟐̇  𝐚𝐧𝐝 𝑾𝟑̇  were based on the GCS flow rate] 
 
Since all of the power consumption values in Table 21 were based on the GCS flow rate, 𝑊1̇ , 
𝑊2̇ , and 𝑊3̇  were very close to each other; and the differences were very small in comparison 
to those of Table 20.  
 
Tables 20 and 21 show that the recorded GCS (𝑊1̇ ) power was always higher than power 
determined from the other methods, while the computed power by Eq. (4.33) (𝑊3̇ ) was the 
lowest. In general, the power results in Table 21 are not trustworthy because the GCS flow rate 
was used.   
 
The difference was computed between each pair of methods in order evaluate which one was 
more trustworthy. 𝑊2̇  and 𝑊3̇  power values in Table 20 were determined based on the Siemens 
flow meter flow rate. On average,  𝑒3, which was based on these power values, was very low in 
comparison to the other two differences. Therefore, 𝑊2̇  and 𝑊3̇  were considered to be the most 
trustworthy for the Grundfos CRE15-3 power evaluation.  
 
More specifically, 𝑊2̇  was best because it was determined as outputs from digital pump curve 
based on the current operating conditions (flow rate and net pressure head). Furthermore, these 
parameters were recorded from calibrated and tested instruments, while 𝑊3̇  could be subject to 
additional error due to the efficiency factors (𝜂𝑚 ,  𝜂𝑃 , and 𝜂𝑉𝐹𝐷 ) being affected by pump aging. 
 
In conclusion, Figs. 70 and 71 show the power consumption evaluation for the Worthington 824 
CSP and Grundfos CRE15-3 VSP, respectively, between February and August of 2016. These 
graphs show the three approaches of evaluating the power consumption. The method that was 














  𝑾𝟏̇  (kW) 7.74 6.40 6.81 6.81 5.90 6.47 
 𝑾𝟐̇  (kW) 7.64 6.40 6.59 6.48 5.64 6.35 
 𝑾𝟑̇  (kW) 7.59 6.35 6.55 6.43 5.55 6.10 
 𝒆𝟏 (%) 1.3 0.0 3.2 4.8 4.5 1.9 
 𝒆𝟐 (%) 1.9 0.8 3.8 5.6 5.9 5.7 




Fig. 70. Power consumption evaluation for the Worthington CSP for February - August, 2016 
 
 
Fig. 71. Power consumption evaluation for the Grundfos VSP for February - August, 2016 
 
For the Worthington CSP, Fig. 70 shows that       and        agreed better, but        was considered 
as the most trustworthy method since it was based on measuring the power directly in the power 
supply conductors with high accuracy transducers.  For the Grundfos VSP pumps, Fig. 71 shows 
that        and         agreed better, but        was considered as the most trustworthy method since 
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Chapter Five: Energy Content of the Vent Condenser’s Condensed Steam  
                         Line and Evaluation of Natural Convection Heat Losses  
 
After the flow rate of the condensed steam was determined with the newly installed flow meter 
(i.e., Siemens Mag 5100 DN 25, see Section 2.1.2, Fig. 38 for the installed flow meter), mass and 
energy investigation around the vent condenser was performed. The energy content of the 
condensed steam that was sent back to the storage tank as liquid water was determined.  
By knowing the condensed steam flow rate and applying mass and energy balances around the 
storage tanks, the volume flow rate and temperature of the condensate water that returned from 
the campus were determined.   
The energy lost due to natural convection with surroundings around the vent condenser was 
computed in order to estimate the mass flow rate of the DA’s vented steam, and flow rate of the 
steam and non-condensable gases that were vented to the atmosphere. Energy loss due to 
natural convection was determined for the DA’s vented steam pipe line that goes to the vent 
condenser. By knowing the energy lost from that line, the specific enthalpy of saturated steam 
that leaves the DA was determined which helped to estimate the temperature of the steam at 
that point.  
Temperatures around the KU SPP were measured in this study by using thermocouple 
temperature sensors; and a T-S diagram for the overall plant was developed in order to visualize 
the heat transfer and temperatures changes during the SPP thermodynamic cycle. 
 
5.1 Energy Content of the Vent Condenser’s Condensed Steam Line 
A Siemens flow meter was installed in the condensed steam line in September of 2016 by the 
SPP’s staff. So data was collected only after September 10, 2016. Energy content of the water in 
the condensed steam line was computed using mass flow rate and the temperature difference 
between the condensed steam and the condensate water in the storage tanks (see Eq. (5.34)). 
That temperature difference was employed because the energy of the condensed steam was 
added to the water in the storage tank. So the energy difference between the two streams was 
considered to be energy gained from the condensed steam line. The flow rate of the condensed 
steam varied as explained in Section 2.1.2.a, with respect of the temperatures of the inlet steam 
and the condensate water that flowed through the vent condenser.  
It was noticed that the flow rate of the condensed steam changed drastically from a range of 0 
to 5 gpm after September 20, 2016 as shown in Figs. 72 and 73. The condensed steam flow rate 
was steady around 2 gpm before that date (see Figs. 39-42 in Section 2.1.2.a). 
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Fig. 72. Condensed steam flow rate for September 28-29, 2016 
Fig. 73. Condensed steam flow rate for September 29-October 1, 2016 
 
First, it was thought that change was due to a lower outside temperature which might cause that 
varying behavior. Then it was noticed that the valve, which vents the steam and non-condensable 
gases to the atmosphere, was closed. Closing that valve forced the gases to return to the storage 
tanks through the condensed steam line, which was the reason for turbulent flow. After the SPP 

























































































Once the valve was opened, the flow rate measurement returned to normal as shown in Fig. 74, 
which is the same flow as that before September 20, 2016. This means that valve was closed from 
September 20 to November 13, 2016. 
Fig. 74. Flow rate in the condensed steam line before and after re-opening the valve in the 
steam and non-condensable gases vent line on November 13, 2016 
 
With the “closed valve” issue resolved, the condensed steam line energy could be computed. The 
energy added by the condensed steam line to the storage tanks was calculated from 
 
𝑄𝑎𝑑𝑑  = ?̇?𝑐_𝑠𝑡  𝐶𝑝 (𝑇𝑐_𝑠𝑡 −  𝑇𝑡𝑎𝑛𝑘)                                                                                                             (5.34) 
 
All terms are defined in the Nomenclature. Table 22 shows the computed energy added to the 
storage tanks for different periods between September and October of 2016. These energy 
values were computed minute-by-minute during these periods, then summed to obtain the total 
for each period. 
Table 22. Energy added to the storage tanks by condensed steam line between September 
                  and October of 2016 
Period 𝑸 (Btu) Period  𝑸 (Btu) 
Sept. 10-12, 2016 2,095,200 Oct. 12-14, 2016 1,817,397 
Sept. 13-15, 2016 2,093,760 Oct. 15-17, 2016 1,961,627 
Sept. 16-17, 2016 1,379,200 Oct. 18-20, 2016 1,638,400 
Sept. 28-30, 2016 1,497,575 Oct. 21-23, 2016 1,837,296 
Oct. 3-5, 2016 1,823,380 Oct. 24-26, 2016 1,589,718 
Oct. 6-8, 2016 1,536,480 Oct. 27-29, 2016 1,932,131 
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Since the flow meter in the condensed steam line was installed late in 2016, it was not possible 
to compute the whole year’s energy-added from data. Thus, a relationship was needed to predict 
approximately the energy added for other months based on the SPP’s monthly generated steam.  
An equation was produced, based on the relationship among the daily energy amounts in Table 
22 and the generated steam in those periods. Figure 75 shows a linear fit of the data; and that 
curve was used to estimate the daily/monthly energy that might added to the storage tank by 
the condensed steam exiting the vent condenser.  
Fig. 75. Curve fit of the relationship between the condensed steam’s energy content and 
boiler’s generated steam 
The resulting equation of the curve fit was 
𝑄𝑖 = −1.7853 (𝑆𝐺)𝑖 + 155.11 𝑥 10
4                                                                                                             (5.35) 
However, this equation had a poor correlation coefficient (𝑅2=0.72), which yields estimated 
values having an accuracy between 84-120% [the accuracy is calculated as the ratio of the 
estimated energy to real energy]. 
This equation was used to estimate other months’ energy values in 2016. Table 23 shows the 
estimated energy from January to December of 2016, based on the daily generated steam in 
those months (see App. B2 for monthly generated steam log sheets for January through October). 
The energy values for October and November in Table 23 were computed, based on the data 
gathered in those months.   
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Table 23. Energy added by the condensed steam line from the vent condenser to the storage tank 
                  for January to December, 2016 
Month, 2016 𝑸 (Btu) Month, 2016  𝑸 (Btu) 
January 50,900,000 (estimated) July 24,040,000 (estimated) 
February 32,740,000 (estimated) August 24,130,000 (estimated) 
March 30,190,000 (estimated) September 20,060,000 (estimated) 
April 22,400,000 (estimated) October  18,390,000 (computed) 
May  17,660,000 (estimated) November 29,060,000 (computed) 
June 23,050,000 (estimated) December 36,800,000 (estimated) 
 
So, the total 2016 energy that was added by the condensed steam line to the storage tanks was 
about 2.92x108 𝐵𝑡𝑢 for the period of January-November of 2016. In this study, the steam 
generated value for December of 2016 was estimated based on 2014 and 2015 data (see App. 
C1, Table C1.4). So December’s energy was computed based on an estimated steam generation 
of about 3𝑥107 𝑙𝑏𝑚.  Thus, the 2016 energy added by the condensed steam line from the vent 
condenser was about 3.3𝑥108 𝐵t𝑢. This energy represents fuel savings of about 352,000 𝑓𝑡3, 
assuming an average plant efficiency of 92%. The energy added by the condensed steam to the 
storage tanks saved about $880 for the SPP in 2016.  
5.2 Evaluation of the DA’s Vented Steam Flow Rate  
The steam that entered the vent condenser was assumed to be saturated steam since the steam 
in the DA has saturated steam properties (i.e., 235 ℉ and 8 psig). In order to determine the mass 
flow rate of the DA’s vented steam, computing the energy loss through the vent condenser casing 
was essential. This was done using a first law energy balance. The energy loss was due to free 
convection heat transfer from the vent condenser’ walls to the surrounding air. Figure 76 shows 
flow and temperature conditions around the vent condenser that were used to determine the 
vented steam and non-condensable gases’ mass flow rate.  
A thermocouple (type J) was used to measure temperatures on the surfaces of the steam lines 
[33]. Another thermocouple (type K) was used to measure the air temperature, in order to find 
the properties of the air around equipment in the KU SPP [34]. An Omega data logger (type M-















Fig. 76. Mass flow rates and specific enthalpies for the vent condenser’s fluids 
Assuming steady-state conditions, no kinetic and potential energy in the vent condenser and no 
work done, mass and energy balances were employed to determine the mass flow rate of the 
entering steam (?̇?𝐷𝐴_𝑠𝑡) and of the steam and non-condensable gases (?̇?𝐺 ) that were vented 
to the atmosphere.  
∑ ?̇?𝑖𝑛 = ∑ ?̇?𝑜𝑢𝑡                                                                                                                                     
or,  ?̇?𝑤_𝑖 + ?̇?𝐷𝐴_𝑠𝑡 = ?̇?𝑤_𝑜 + ?̇?𝑐_𝑠𝑡 + ?̇?𝐺                                                                                            (5.36) 
𝑄𝑜𝑢𝑡 = (?̇? ℎ)𝑤_𝑖 + (?̇? ℎ)𝐷𝐴_𝑠𝑡 − (?̇? ℎ)𝑤_𝑜 − (?̇? ℎ)𝑐_𝑠𝑡 − (?̇? ℎ)𝐺                                                     (5.37) 
 
The heat loss by the vent condenser wall (𝑄𝑜𝑢𝑡 ) needed to be determined in order to solve Eq. 
(5.37) for ?̇?𝐺 and ?̇?𝐷𝐴_𝑠𝑡. For the loss due to convection, the natural convection heat transfer 
coefficient (𝐻𝑛) had to be calculated by [36] 
 
𝐻𝑛 = 𝑁𝑢 (
𝐾
𝑙𝑐𝑟
)                                                                                                                (5.38) 
 
Nusselt number (Nu) is a function of Grashoff number (Gr) and Prandtl number (Pr) [33] 
?̇?𝑮 , 𝒉𝑮  
?̇?𝑫𝑨_𝒔𝒕 , 𝒉𝑫𝑨_𝒔𝒕  
?̇?𝒘_𝒐 , 𝒉𝒘_𝒐  
?̇?𝒘_𝒊 , 𝒉𝒘_𝒊  






(𝐭𝐨 𝐬𝐭𝐨𝐫𝐚𝐠𝐞 𝐭𝐚𝐧𝐤𝐬) 
(𝐞𝐱𝐜𝐞𝐬𝐬 𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐚𝐭𝐞 
 𝐰𝐚𝐭𝐞𝐫 𝐛𝐞𝐟𝐨𝐫𝐞 𝐃𝐀) 
(𝐬𝐭𝐞𝐚𝐦 𝐚𝐧𝐝 𝐧𝐨𝐧
− 𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐚𝐛𝐥𝐞 
 𝐠𝐚𝐬𝐞𝐬 𝐟𝐫𝐨𝐦 𝐃𝐀) 
(𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐞𝐝  𝐬𝐭𝐞𝐚𝐦 
 𝐭𝐨 𝐬𝐭𝐨𝐫𝐚𝐠𝐞 𝐭𝐚𝐧𝐤𝐬) 
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 𝑁𝑢 = [0.6 +









                                                                               (5.39) 
where Grashoff and Prandtl numbers are determined by [36] 
𝐺𝑟 =
(𝜌𝑎)
2 𝛽 𝑔 ∆𝑇 (𝑙𝑐𝑟)
3 
𝜇2




                                                                                                                                            (5.41) 
All terms are defined in the Nomenclature. Air properties are determined at the film 
temperature around the vent condenser’s wall (𝑇𝑓 = 
𝑇𝑠+𝑇∞
2
), and β is the coefficient of the 




All needed data around the vent condenser, including the vent condenser’s fluid flow rate, that 
was employed in all of the Eqs. (5.36)-(5.41) was recorded/determined at the same moment in 
order to have an accurate evaluation for the data gathered. The data gathered is given in Table 
24. 
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) 0.075 𝑙𝑐𝑟(𝑓𝑡)(≡  𝐷𝑉.𝐶.)  1.17 
 
All air properties were found using the film temperature (𝑇𝑓) in the air tables [37]. All enthalpies 
were found from the saturated steam table [17]; and since most of the vented non-condensable 
gases were 𝑂2, 𝐶𝑂2, and 𝑁2,  ℎ𝐺  was found using the air properties tables.  
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Using the data in Table 24, Grashoff and Prandtl numbers were determined by Eqs. (5.40) and 
(5.41), respectively, as Gr = 1.12𝑥108 and Pr =  0.727. By applying Eq. (5.39), these give Nu = 
53.267. 
Hence, by using Eq. (5.38), the natural convection heat transfer coefficient (Hn) was found to be 
0.7012 
𝐵𝑡𝑢
ℎ𝑟 (𝑓𝑡2) °𝑅 
 , where the diameter of the vent condenser was used as the characteristic 
length (𝑙𝑐𝑟) in Eqs. (5.38) and (5.40), according to the horizontal cylinder applications given in Ref. 
33. 
The heat loss due to natural convection was computed as [36] 
𝑄𝑜𝑢𝑡 =  (𝐻𝑛)(𝜋 𝐷𝑉.𝐶. 𝐿𝑉.𝐶.)(𝑇𝑠 − 𝑇∞)                                                                                                  (5.42) 
 
So 𝑄𝑜𝑢𝑡 = (0.7012 
𝐵𝑡𝑢
ℎ𝑟 (𝑓𝑡2) °R














) + ( 8.1 
𝑙𝑏𝑚
𝑚𝑖𝑛
) ( 154.3 
𝐵𝑡𝑢
𝑙𝑏𝑚










) − ( ?̇?𝐷𝐴_𝑠𝑡  )(1151.8 
𝐵𝑡𝑢
𝑙𝑏𝑚 
)                                              (5.43) 
Since the energy equation (Eq. (5.43)) has two unknowns (i.e., ?̇?𝐺 and ?̇?𝐷𝐴_𝑠𝑡), the mass balance 
equation (Eq. (5.36)) was needed in order to solve for ?̇?𝐺 and ?̇?𝐷𝐴_𝑠𝑡. Substituting flow rates of 
Table 24 into Eq. (5.36) gives 
 
?̇?𝐷𝐴_𝑠𝑡 = 8.1 + ?̇?𝐺  
 
Using this mass flow rate relationship in Eq. (5.43), the mass flow rates were found as 
 
 ?̇?𝐺 = 0.46   
𝑙𝑏𝑚
𝑚𝑖𝑛






The determined amounts of  ?̇?𝐺  and  ?̇?𝑠𝑡 look reasonable when comparing with the measured  
 ?̇?𝑐_𝑠𝑡 , because, when visually observing the outlet of the vented steam and non-condensable 
gases pipe line, there did not appear to be exiting products from the outlet.  
These results give an idea about the flow rate of the steam entering the vent condenser and the 
flow rate of steam and non-condensable gases that vent to the atmosphere. Also, by knowing 
the flow rate of the DA’s vented steam, it was possible to determine the heat loss around the line 
between the DA and vent condenser. The value of the heat loss was essential to determine the 
temperature of the steam that leaves the DA. See App. E1 for the heat loss and temperature 
calculations for the DA’s vented steam pipe line. 
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5.3 KU SPP Storage Tanks’ Mass and Energy Balances and BFW Loss  
The temperature and flow rate of the condensate water that returns from the campus to the 
storage tanks are not known, since there is no temperature gauge or flow meter in that line. 
However, after installing the Siemens flow meter in the condensed steam line that went from the 
vent condenser to the storage tanks, it was possible to apply mass and energy balances around 
the storage tanks to determine both the temperature and flow rate of the returned condensate 









Fig. 77. Inlet and outlet fluid streams of the storage tanks in the KU SPP 
By applying Eqs. (5.36) and (5.37) from Section 5.2, the mass flow rate and temperature of the 
campus returned condensate water were determined. Table 25 shows the recorded mass flow 
rates and determined specific enthalpies around the tanks. The flow rates in Table 25 were 
recorded for 10 minutes between 1:23 PM-1:32 PM on 9/19/2016. The enthalpy values were 
determined from the saturated steam table at the average recorded temperature of each line. 
 
Table 25. Flow rates and enthalpies obtained between 1:23 PM and 1:32 PM on 9/19/2016 















?̇?𝑃 13,267.7 ℎ𝑃 136 (ℎ𝑓 @ 168 ℉) 
?̇?𝑉.𝐶. 7,301.2 ℎ𝑉.𝐶. 144 (ℎ𝑓 @176 ℉) 
?̇?𝑐_𝑠𝑡 153.4 ℎ𝑐_𝑠𝑡 161 (ℎ𝑓 @193 ℉) 
?̇?𝑚_𝑢𝑝 582.9 ℎ𝑚_𝑢𝑝 63 (ℎ𝑓 @ 95 ℉) 
?̇?𝑐𝑚𝑝 ------- ℎ𝑐𝑚𝑝 ------- 
𝐂𝐨𝐧𝐝𝐞𝐧𝐬𝐚𝐭𝐞 𝐖𝐚𝐭𝐞𝐫 
 𝐒𝐭𝐨𝐫𝐚𝐠𝐞 𝐓𝐚𝐧𝐤𝐬 
?̇?𝒄𝒎𝒑  , 𝒉𝒄𝒎𝒑 
?̇?𝒎_𝒖𝒑 , 𝒉𝒎_𝒖𝒑 
?̇?𝒄_𝒔𝒕 , 𝒉𝒄_𝒔𝒕 
?̇?𝑷 , 𝒉𝑷 




(𝐦𝐚𝐤𝐞 − 𝐮𝐩 𝐰𝐚𝐭𝐞𝐫 
 𝐟𝐫𝐨𝐦 𝐭𝐡𝐞 𝐜𝐢𝐭𝐲) 
(𝐡𝐞𝐚𝐭𝐞𝐝 𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐚𝐭𝐞 𝐰𝐚𝐭𝐞𝐫 
𝐟𝐫𝐨𝐦 𝐭𝐡𝐞 𝐯𝐞𝐧𝐭 𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐞𝐫) 
(𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐞𝐝 𝐬𝐭𝐞𝐚𝐦 𝐟𝐫𝐨𝐦 
 𝐭𝐡𝐞 𝐯𝐞𝐧𝐭 𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐞𝐫) 
(𝐭𝐨 𝐜𝐨𝐧𝐝𝐞𝐧𝐬𝐚𝐭𝐞 
 𝐰𝐚𝐭𝐞𝐫 𝐩𝐮𝐦𝐩𝐬) 
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According to Eq. (5.36), the mass balance in Fig. 77 is 
 
















which gives ?̇?𝑐𝑚𝑝 = 5230.2 𝑙𝑏𝑚 for 10 minutes during that period. In order to determine the 
loss of the returned condensate water, use 
 
Loss of BFW (%) = [1 −
?̇?𝑐𝑚𝑝
(?̇?𝑃−?̇?𝑉.𝐶.−?̇?𝑐_𝑠𝑡)
] (100)                                                                    (5.44) 
 
                                 = [1 −  
5230.2 𝑙𝑏𝑚
(13,267.7 𝑙𝑏𝑚− 7,301.2 𝑙𝑏𝑚−153.4 𝑙𝑏𝑚)
](100) = 10.03% 
 
The result from Eq. (5.44) show that 10.03% of the BFW was lost during that period due to the 
continuous blowdown from the boiler as well as the vented steam from the DA. In addition, there 
might be some other campus losses, such as steam pressure relief valves.  After determining the 
mass flow rate of the returned condensate water, it was possible to determine the temperature 
by applying energy balance around the tank. So, rewriting Eq. (5.37) for the storage tanks gives  
 
𝑄𝑜𝑢𝑡 = (?̇? ℎ)𝑐𝑚𝑝 + (?̇? ℎ)𝑉.𝐶. + (?̇? ℎ)𝐶_𝑠𝑡 + (?̇? ℎ)𝑚_𝑢𝑝 − (?̇? ℎ)𝑃                                 (5.45) 
      






























) ( ℎ𝑐𝑚𝑝) 
Thus, ℎ𝑐𝑚𝑝= 131.5 
𝐵𝑡𝑢
𝑙𝑏𝑚
; which gives 𝑇 = 163.5 ℉ (from the saturated liquid table; 𝑇 =
𝑇𝑠𝑎𝑡@ ℎ𝑓 = 131.5 
𝐵𝑡𝑢
𝑙𝑏𝑚
 ), which is the computed temperature of the condensate water that 
returned from the campus. This temperature was helpful in Section 5.4 for drawing a more 
accurate T-S diagram. It can be noticed that the campus-returned condensate water gained about 
5 ℉ (as compared with the 168 ℉ of the condensate water inside the tanks) because of using 
the heat exchangers in the KU SPP.  
 
5.4 KU SPP’s T-S Diagram  
In a previous study [3], the KU SPP’s cycle was represented on a T-S diagram. In this study, the T-
S diagram was developed with respect to newly gathered data. Thermocouples (types K and J) 
[33, 34] were used in order to measure the steam temperatures more accurately. This diagram 
also indicates at which points in the plant there is energy lost or recovered, as well as the new 
changes in the SPP’s equipment. Figure 78 schematically shows the KU SPP’s equipment and fluid 
flow paths; and Fig. 79 shows the resulting T-S diagram. 
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Fig. 78. Condensate water and steam flow processes in the KU SPP 
                (          is a pressure reducer valve, and          is the blowdown water flash tank) 
Table 26 shows temperatures for each point in Fig. 78. Liquid water from different streams that 
have different temperatures and pressures is collected and mixed in the storage tanks at about 
168 ℉ and 1.6 psig. The steam temperatures at points 1 and 2 were locally measured by using 
thermocouples on the pipes’ surfaces; and the readings are subject to about ±0.75% error or 4 
℉, according to the manufacturer’s specifications (see App. E2). 
The temperature of the returned condensate water from the campus is not known on site, but it 
was computed to be about 163 ℉ from Section 5.3. All other temperature in Table 26 were either 
recorded by temperature sensors or read from local gauges.  
Table 26. Temperatures in the KU SPP cycle of Fig. 78 
Location T (℉) Location T (℉) 
1 375 9 185 
2 360 10 195 
3 235 11 225 
?̅? 65 14̅̅̅̅  375 
4 90 14 220 
5 163 15 95 
6 168 16 225 



































Figure 79 is the temperature-entropy diagram of the KU SPP. The main fluid cycle starts at the 
exit of the storage tanks, point 6 where all of the fluids are collected and mixed in the storage 
tanks. These fluids are: the returning campus condensate water (state 5), the heated condensate 
water (state 9), the condensed steam from the vent condenser (state 10), and the heated make-
up water (state 4). All of these fluids have different temperatures and pressures, but they are 
mixed in the storage tank to yield a temperature and pressure of about 168 ℉ and 1.6 psig (state 
6). From that point, the fluid is pumped by the condensate water pumps to about 44 psig (state 
7) and then goes to the DA and the vent condenser.  
The pressure drops to about 35 psig before it reaches the DA, and is then reduced to about 8 psig 
by the DA’s control valve (state 8), while the pressure drops to about 30 psig at the vent 
condenser (state 7a) due to pipe fittings and frictional losses. Because of the deaeration process 
in the DA, the temperature increases to about 225 ℉ (state 11). Booster pumps increase the 
pressure to about 350 psig (state 12). Then it is reduced to about 170 psig (state 13) by a control 
valve before the boiler. 
The produced steam exiting the boiler is at about 170 psig and 375 ℉ (saturated steam, state 1 
in Fig. 79). That steam branches into two pipe lines: the main steam line goes to the campus at 
about 90 psig and 360 ℉ (superheated steam, state 2 in Fig. 79), and the auxiliary steam line goes 
to the DA with about 8 psig and 235 ℉ (superheated steam, state 3 in Fig. 79). The main steam 
flow condenses throughout the campus to return as liquid water (between the states 2 and 5, 
see the double line - which is double because the exact state change process is unknown )  
In Fig. 79, the fluid properties (i.e., temperature, pressure, and phase status) are considered in 
the T-S diagram for each point. Since it is not possible to draw all of the pressure lines clearly 
because of the small space and distances between the points and lines, a scaled-up diagram that 
shows more clearly the pressure line for each point is shown in Fig. 80.  
In Fig. 79, the dotted-lines in the saturated liquid and superheated steam regions represent 
process going through pressure reducer valves. The green dotted-line from state 14 ̅̅ ̅̅  to state 14 
is the flash tank where the boiler’s blowdown water is collected at about 7 psig and 220 ℉, and 
then it is directed to the basement heat exchanger (the green dotted-line from state 14 to state 
15) to be drained to the sewer system at about 95 ℉ after heating the make-up water.  
The steam and non-condensable gases that are vented from the DA to the vent condenser are 
represented at state 16. From that point, most of the steam is condensed to liquid water, which 
is sent back to the storage tank (see the light brown dotted-line to state 10), and the rest of the 
steam and non-condensable gases is vented to the atmosphere (state 17). The light brown 
dotted-line from state 7 to state 9 is the excess condensate water from the DA that goes to the 





































    
  







Fig. 79. T-S diagram (not to scale) [Solid blue is the main cycle’s fluid in the subcooled region; 
solid light brown is for sub-cycle’s fluids in subcooled region; solid maroon is for main cycle’s fluid 
in the saturated region; red and dotted red is for the main steam in the superheated region] 
 
Late in October of 2016, some systems and process changed in the KU SPP, which affected the T-
S diagram. The main change was disconnecting the basement heat exchanger due to using an RO 
system to purify the make-up water. By using the RO system, the make-up pipe line was 
connected directly to the storage tanks without passing through the basement heat exchanger. 
This was changed because the blowdown water was reduced to very small flow since the RO 
system reduced TDS concentration tremendously, from 3000-4000 ppm to less than 100 ppm 
[38]. So the blowdown water is now drained directly to the sewer system without passing through 
the basement heat exchanger. The T-S diagram is upgraded in Fig. 81 to reflect this change. The 
state change 14-15 (HEX) is not there anymore, and the drain is dumped into the sewer from 
state 14, instead of state 15. Also, state 4 no longer exists since the make-up water is no longer 
heated. [Comparing the green highlighted dotted lines of Figs. 79 and 81 reveals these changes.] 
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Disconnecting the basement heat exchanger affects the condensate water temperature inside 
the storage tanks because, previously, the make-up water was heated from about 65 ℉ to about 
90 ℉ before it went to the storage tanks. However, after disconnecting the basement heat 
exchanger, it was found that the temperature of the condensate water inside the storage tanks 
dropped about 0.28 ℉ (this calculation was made using data from Section 5.3). So, state 6 in Fig. 















Fig. 81. T-S diagram after KU SPP personnel disconnected the basement heat exchanger 
 (not to scale) 
In conclusion, the 2016 energy added by the condensed steam line was about 3.3𝑥108 𝐵t𝑢. This 
represented a fuel savings of about 352,000 𝑓𝑡3, which was about $880 for the SPP.  About 595 
𝐵𝑡𝑢
ℎ𝑟
 was determined as a heat loss around the vent condenser due to natural convection. The 
determined heat loss was used to compute the flow rate of the DA’s vented steam and of the 
steam and non-condensable gases that vented to the atmosphere (8.55 𝑙𝑏𝑚/𝑚𝑖𝑛 and 0.46 
𝑙𝑏𝑚/𝑚𝑖𝑛, respectively). KU SPP thermodynamic cycles were accurately depicted in T-S diagrams 
(Figs. 79, 80, and 81) based on the recorded operating conditions and recent changes in the plant. 
𝟏𝟕𝟎 𝒑𝒔𝒊𝒈 𝟏 




Chapter Six: Conclusion and Recommendations for Future Work 
6.1 Conclusion 
The energy transferred by the heat recovery components in the KU SPP has been computed. Heat 
transfer rates were determined for the vent condenser and basement heat exchanger by 
employing the overall heat transfer coefficient in two assumed flow cases. The heat transfer rate 
when assuming the counter-flow direction was 40-60% higher than that when assuming the 
parallel-flow direction. The efficiency of the heat exchanger in the KU SPP (model SU-85-2) was 
determined to be 88%, based on the current operating conditions. 
About 4.38 𝑥 109 𝐵𝑡𝑢 was recovered by the vent condenser from the DA’s vented steam in 2016. 
This energy was reclaimed as heated condensate water and condensed steam, which are added 
eventually to the BFW in the storage tanks. 8.92 𝑥 108 𝐵𝑡𝑢 was reclaimed by using the basement 
heat exchanger from the boilers’ blowdown water from January to September of 2016. The 
monthly energy savings were computed based on recorded minute-by-minute data from January 
to August of 2016. For the rest of the year, the energy savings was estimated based on the 
monthly steam generated by using energy curves that were produced based on the relationship 
between the steam generated and the energy savings for the first eight months. 
The boiler efficiency was increased on average by 2% due to using the vent condenser and the 
basement heat exchanger as calculated from January to August of 2016. The total natural gas 
savings by using both heat exchangers in the KU SPP was about 5.64 𝑥 106 𝑓𝑡3,  which represents 
about $ 14,110 based on the current natural gas price of $2.5/1000 𝑓𝑡3. 
The power consumption by the condensate water CSP and VSP was evaluated using three 
different approaches. After analyzing the differences among between the three methods, it was 
concluded that the most trustworthy method was that of the power recording transducers for 
the Worthington pump; while for the Grundfos pump, the power that was determined by the 
pump curve was considered the most trustworthy among the three methods. Flow rate 
calibration curves were produced in order to correct the recorded flow rate of the Siemens flow 
meter downstream of the CSP and VSP. By using the produced calibration curves, the Siemens 
flow rate was increased by about a 7 gpm correction, according to the calibration results of 
Section 1.5. 
All of the energy and power calculations were conducted based on calibrated flow rates, tested 
pressure sensors, and using more accurate instrumentation, such as internal temperature 
sensors instead of surface sensors. So, it was found that: the Siemens flow meters read about 7 
gpm less than the actual value; the Omega pressure sensor was reading about 2 psig higher than 







 was determined as a heat loss around the vent condenser due to natural 
convection. This heat loss was employed with the energy and mass balances around the vent 
condenser to find the flow rate of the steam entering the vent condenser (8.55 
𝑙𝑏𝑚
𝑚𝑖𝑛
), and the flow 
rate of the steam and non-condensable gases that vented to the atmosphere (0.46 
𝑙𝑏𝑚
𝑚𝑖𝑛
). Also, by 
applying energy and mass balances around the storage tanks, it was found that 10% of the BFW 
was lost within the SPP and campus. A detailed T-S diagram (Fig. 79) was drawn for the KU SPP 
based on more accurate data; and it was modified (Fig. 81) due to the added RO system and the 
disconnected basement heat exchanger in the SPP. 
6.2 Recommendations for Future Work 
In the previous studies [2, 3], less power was consumed by VSP when the level control mode was 
used. However, more energy was wasted since the vent condenser was not used for with this 
mode, because the pressure head was not sufficient to reach the vent condenser. By using the 
DA on the first floor next to the vent condenser, it should be possible to pump in the level control 
mode while the vent condenser is also in service. So, it is recommended to gather new data for 
the first floor DA because added energy savings by the vent condenser and less power 
consumption by the VSP will result from using the DA and the vent condenser together when 
operating in the level control mode.   
 
New Grundfos variable speed pumps for the BFW are installed. So it is recommended to conduct 
a comparative power consumption analysis to assess how much power would be saved by using 
the new pumps since they will run at lower pressure (270 psig, instead of the 350 psig that is 
provided by the current constant speed pumps). 
 
Also, it was recommended to install a control system that can vary the flow rate of the make-up 
water to the storage tanks, instead of the on/off solenoid valve that is used now. By using this 
system, it should be possible to control the make-up water flow automatically based on the water 
level inside the storage tanks; and to protect the basement heat exchanger from thermal shock 
due to the sudden temperature changes caused by fully opening/closing the solenoid valve that 
used in the current system. However, the basement heat exchanger is no longer used, but the 
suggested system could be used for future work if the basement heat exchanger were employed 
again. This control system’s design is given in detail in App. A4. Also, even if the basement heat 
exchanger is not used anymore, this system can still be used with the new make-up water pipe 
line that comes from the RO system to control the flow rate automatically based on the water 
level inside the storage tanks.  
 
Moreover, it is recommended that the SPP measure and record digitally the flow rate of the 
steam generated as well as the make-up water since both of these flow rates are currently 
manually recorded by the staff on a log sheet. 
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Appendix A4: Electrically Actuated Flow Control System 
 
As explained briefly in Section 1.3.1, an idea was suggested to use an electric flow control valve 
in the make-up water pipe line instead of the solenoid valve (S.V.) in that pipe line. By using an 
actuated valve to control the flow of the make-up water to the storage tank, the solenoid valve 
upstream the tank would not be needed anymore. That is because the control valve would 
maintain and control the flow rate, according to the desired condensate water level inside the 
tank by using an ultrasonic level transmitter on the tank. The ultrasonic transmitter would reflect 
the condensate water level as an analog signal 4-20 mA, which then would be sent to the actuator 
valve that would control the flow in the make-up line based on the provided signal. Figure A4.a 
shows a schematic of the suggested system in the make-up pipe line and the storage tank.   
Fig. A4.a. Current and suggested make-up flow control systems 
For the current control system, the solenoid valve shown in Fig. A4.a is normally closed, and it is 
controlled (open or closed) by controlling its AC power supply through a mechanical floating 
system. That system has a lever that moves, up or down according to the water level inside the 
pipe next to the tank (see Fig. A4.a). The indicator cuts off the AC power when the water level at 
position H, so the solenoid will be closed since it is normally closed. When the level reaches 
position L inside the tank, the floating indicator turns on the AC power to open the solenoid 
valve. However, this operating procedure caused a problem for the KU SPP staff because the 
temperature of the basement heat exchanger drastically changed between about 70 ℉ to about 
200 ℉ due to the solenoid valve suddenly opening/closing. 
Ultrasonic Level Transmitter S.V. 
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That caused thermal stress shock to the heat exchanger tubes’ walls, which led to failure of the 
metal and leakage for two previous heat exchangers in the SPP.  
The suggested idea was based on keeping the water continuously flowing, so that the 
temperature changed gradually through the heat exchanger in order to avoid thermal shock. 
Since it was not possible for the staff to cut and weld the make-up water pipe line, because the 
whole SPP would have to shut down in order to install a control valve, it was possible to use a 2 
in manual globe valve that is already in the pipe line by installing an electrical actuator that would 
be coupled to the manual valve’s stem, as shown in Fig. A4.a. However, the actuator would need 
a 4-20 mA signal to operate; so an ultrasonic level transmitter was proposed for installation in 
the tank, which would provide that type of signal. 
The ultrasonic level transmitter could be adjusted to provide a signal of 4 to 20 mA to reflect the 
desired limits of the minimum and maximum water level inside the storage tanks. If the water 
level was at position L̅ as shown in Fig. A4.a, the ultrasonic transmitter would provide a 4 mA 
signal which would be sent to the actuator to open the globe valve in the make-up line. When 
the water level reached position H̅, a 20 mA signal would be provided by the ultrasonic level 
transmitter which would be sent to the actuator to close the globe valve. The globe valve would 
always be partially open when the water level was between the positions L̅ and H̅.  So this system 
would cause the temperature to change gradually through the heat exchanger, since the manual 
valve would open and close gradually, in place of the solenoid valve’s suddenly action.  
In addition, another idea was proposed in order to make the system more efficient by avoiding 
the fully closed/open positions completely. This concept would maintain the water flow at all 
times through the heat exchanger. This would be achieved by adjusting the actuator to be about 
95% closed (or whatever the proper percentage should be after some trial runs), instead of 100% 
closed, when the provided signal was 20 mA (the level at the position H̅). In this case, the make-
up water would flow through the heat exchanger all of the time. 
Furthermore, the actuator design has a fail-safe mode as protection for the system. The fail-safe 
mode forces the actuator to be fully closed or fully open (to be selected by KU SPP) in case the 
power supply or the input signal from the ultrasonic transmitter fails. Moreover, the old system 
(i.e., the solenoid valve with float indicator) could be used as further protection in the make-up 
line when the suggested control system failed. When the water level went higher than 
H,̅ reaching position H, the solenoid valve would close. This extra protection could prevent the 
storage tanks from overflow when both the proposed system and its fail-safe mode did not work. 
For that reason, the high and the low levels for the proposed control system were chosen to be 
within the limits of the current system. The proposed equipment for the new system is shown in 
Apps. A4-1 and  A4-2. 
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Appendix A7: Materials for Modifying the Calibration Setup 
Table A7.1. List of needed materials for modifying the calibration setup 
Material Quantity Unit Price $ Total Price $ 
Pipe, 1 in x 10 ft, PVC  2 10.72 21.44 
Elbow, 90 Deg, 1 in, Slip, PVC           4 2.97 11.88 
Reducer Bush, 1-1/2 x ¾, PVC 1 6.31 6.31 
Elbow, 90 Deg, 1-1/2 in, FN, PVC 1 6.34 6.34 
Tee, 1-1/2 in, FNPT, PVC            1 13.26 13.26 
Flange, 1 in, FNPT, PVC           2 11.79 23.58 
Flange Gasket, 1 in  Diameter       10 4.3 43.00 
Cement, PVC, 16 oz, Blue             1 12.96 12.96 
Submersible Water Pump, 500 gph 1 46 46 
Water Hose, 5/8 in 50 ft. 15 15 
Flat Vessel, 22 in x 16 in x 6 in 1 6.5 6.5 
Cable Tie, 12 in 1 set  5 5 
Bushing, 1 in, PVC 2 6.5 13 
Bushing, 2 in, PVC 1 9.25 9.25 
Hose Metal Clamp  2 0.9 1.8 
Bolt, M16-2 Zinc-Plated Hex  8 1.25 10 
Nut and Flat Washer, M16-2 Zinc-plated 8 0.5 4 
Teflon Tape  3 0.75 2.25 
Sand Paper  1 set 3 3 
Brush  1 1.5 1.5 
Total 256.07 
 
 Appendix A7-1: Re-designing the Calibration Setup  
Since the calibration setup was re-located to the Lab B171, the structure of the setup frame was 
re-designed to fit the lab ceiling height. The height of the ceiling there is about 104 in, while the 
height of the setup was about 110 in, so it was necessary to re-design the frame. The first idea 
was to remove the wheels from the setup in order to reduce the frame height; but then it was 
found that would reduce just 5 in, as shown in Fig. A7.a. Then it was suggested to move the upper 
frame panel, which supports the tank, to a lower level because it could move down about 10 in. 
This was more than enough to reduce the total height of the setup to about 100 in in order to fit 
inside the lab, as shown in Fig. A7.b. 
Figure A7.c shows a picture of the final setup with the new piping and flow meters. The power 
supply for the Grundfos pump was also modified in order to have adequate power capacity in 














































Appendix A7-2: Modified Setup with Wiring Changes  
 
 
Fig. A7.c. The modified calibration                                  Fig A7.d. Changed wiring of the pump 
                  setup in Lab B171                                                             to 460 VAC                   
When the calibration setup was used by Alabdullah [2], the supplied voltage was 230 VAC where 
it was located in the ME lab. However, the only available power supply in Lab B171 was 460 VAC; 
so it was necessary to change the wiring on the Grundfos control panel to fit the 480 VAC of the 
Lab’s power supply outlet. As shown in the picture of the wiring diagram in Fig. A7d, with 230 
VAC, the black conductor was connected to pin H1, while the red conductor was connected to 
pin H3. In order to use 460 VAC, the black conductor was connected to pin H1, but the red 













Appendix A7-3: Calibration Test Data and Error Calculations  
Fig. A7.e. Tests 1-4 recorded data at different time intervals; and the maximum and minimum 
tested flow rates  
 
Calibration Error Calculations  
The following equations were used to evaluate the error, average error, RMS error, and the 
standard deviation of errors in Table 1. 
𝑒𝑗  (%) =  
𝑚𝑂𝑚𝑒𝑔𝑎−𝑚𝑆𝑚𝑛𝑠1
𝑚𝑂𝑚𝑒𝑔𝑎






















                                                                                        (A7-3d) 
 
= 0.9364(                 )+ 0.2244
R² = 0.9999 ( Test 1 )
= 0.9274(                 ) + 0.9839
R² = 0.9987 ( Test 2 )
= 0.9244(                  ) + 0.3224
R² = 0.9998 ( Test 3 )
= 0.9298(                  ) + 0.2396














Test 1 Test 2


















Appendix A7-4: CSP and VSP Siemens Flow Meter Calibration Data 
Fig. A7.f. Calibration curve for the Siemens flow meter located downstream of the Worthington 
pump 


































 CSP Siemens Flow Meter
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Appendix A8: Siemens Mag5000 Flow Meter (reproduced from Ref. 16) 
















































































































Appendix C1: Steam Generated and Accuracy of Estimated Energy Savings  










Estimated 𝑸  









January 40,230,000 265,870,000 267,750,000 1.01 
February 32,630,000 292,110,000 283,900,000 0.97 
March 23,510,000 305,250,000 311,900,000 1.02 
April 19,770,000 325,100,000 329,260,000 1.01 
May 16,640,000 343,100,000 349,560,000 1.02 
June  13,150,000 396,280,000 384,760,000 0.97 
July 13,100,000 400,890,000 385,440,000 0.96 
August 13,080,000 377,880,000 385,690,000 1.02 
 
The values of “Computed 𝑄” shown in Table C1.1 were given in Section 3.1. Equation (3.18) (see 
Section 3.1.2) was developed based on the relationship between the computed energy savings 
and steam generated between January to August of 2016. This equation was employed to 
estimate the energy savings for September to December of 2016, based on the steam generated 
during these months. So in order to evaluate the validity of Eq. (3.18), a relationship was similarly 
developed from January-July data to predict the August’s energy savings as a test. So, Eq. (C1.a) 
was found as a polynomial relationship between these months (January-July). The accuracy of 
predicting August’s energy savings was 103% (Table C1.2) with respect to the actual value that 
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Estimated 𝑸  









January 40,230,000 265,870,000 267,900,000 1.01 
February 32,630,000 292,110,000 283,770,000 0.97 
March 23,510,000 305,250,000 311,900,000 1.02 
April 19,770,000 325,100,000 329,730,000 1.01 
May 16,640,000 343,100,000 350,970,000 1.02 
June  13,150,000 396,280,000 388,600,000 0.98 
July 13,100,000 400,890,000 389,330,000 0.97 
August 13,080,000 377,880,000 389,600,000 1.03 
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Estimated 𝑸  














  0.91 
February 631,000 138,960,000 
 
128,660,000 0.93 
March 593,000 134,710,000  116,640,000 0.87 
April        464,000 
 
83,560,000 83,140,000 0.99 
May 393,000 84,260,000 76,680,000 0.91 
June  315,000 62,680,000 56,490,000 0.90 





Table C1.4. KU SPP’s generated steam for the years 2014 [2], 2015 [3], and 2016 [App. B2] 
Month 2014 2015 2016 
January ------ 37,821,700 𝑙𝑏𝑚 41,573,600  𝑙𝑏𝑚 
February ------ 38,179,100  𝑙𝑏𝑚 31,546,300  𝑙𝑏𝑚 
March ------ 27,418,400  𝑙𝑏𝑚 24,297,800 𝑙𝑏𝑚 
April 20,085,100  𝑙𝑏𝑚 19,858,400  𝑙𝑏𝑚 19,774,300  𝑙𝑏𝑚 
May 13,838,600  𝑙𝑏𝑚 15,015,900 𝑙𝑏𝑚  14,972,100  𝑙𝑏𝑚 
June 13,903,500  𝑙𝑏𝑚 14,563,600 𝑙𝑏𝑚 13,154,700  𝑙𝑏𝑚 
July 13,015,900  𝑙𝑏𝑚 14,423,800  𝑙𝑏𝑚 13,540,900  𝑙𝑏𝑚 
August 13,637,200  𝑙𝑏𝑚 14,359,000  𝑙𝑏𝑚 13,422,100  𝑙𝑏𝑚 
September 14,175,800  𝑙𝑏𝑚 14,286,400  𝑙𝑏𝑚 14,829,300  𝑙𝑏𝑚 
October 17,721,800  𝑙𝑏𝑚 18,118,300 𝑙𝑏𝑚 16,849,600  𝑙𝑏𝑚 
November 31,515,000  𝑙𝑏𝑚 26,090,300  𝑙𝑏𝑚  ------- 
December 35,417,400 𝑙𝑏𝑚 33,367,700  𝑙𝑏𝑚  ------- 
 
Appendix C2: Basement Heat Exchanger Temperature Analysis 
Figures C2.a shows the recorded inlet, outlet, and rise temperatures of the basement heat 
exchanger in March, 2, 2016. A temperature analysis was conducted on these temperatures in 
order to determine when the solenoid valve was open or closed.  This analysis was conducted 
based on the behavior of the inlet temperature of the make-up water for the reasons explained 
in Section 3.2. All temperature readings, when the solenoid valve was closed, were ignored since 
they were not the actual temperatures because there was no make-up water flowing.  For 
example, it can be seen in Fig. C2.a that the actual temperature of the inlet make-up water was 
about 54 ℉, while the many 60-90 ℉ inlet and outlet temperature pulses represent when the 
solenoid valve was closed. These temperature pulses happened because the heat exchanger’s 
metal components and all of its connected pipe lines were overheated by the boiler’s hot 
blowdown water.  
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In this case, any temperature higher than around 54 ℉ was not considered in the energy 
calculation. So, it can be seen that all of the readings when the valve was closed (the temperature 
pulses) were removed from Fig. C2.a to yield Fig. C2.b, while the remaining readings in Fig. C2.b 
were only when the solenoid valve was open. 
Fig. C2.a. Basement heat exchanger’s inlet, outlet, and rise temperatures of the make-up water 
on March 2, 2016  
Fig. C2.b. Basement heat exchanger’s analyzed inlet, outlet, and rise temperatures of the make-



















3/1/16 10:48 PM 3/2/16 3:36 AM 3/2/16 8:24 AM 3/2/16 1:12 PM 3/2/16 6:00 PM 3/2/16 10:48 PM
t ( mm/dd/yy hh:mm)




























3/1/16 11:31 PM 3/2/16 4:19 AM 3/2/16 9:07 AM 3/2/16 1:55 PM 3/2/16 6:43 PM 3/2/16 11:31 PM
t (mm/dd/yy hh:mm)
























Appendix D1: Worthington D-824 CSP Specifications and Performance Curves 










































































Appendix D1-1: Worthington D-824 Motor Tag 
 













Appendix D2: Grundfos CRE15-3 Specifications and Performance Curves  

















































Appendix D2-1: Grundfos E Product PC Tools  
 
Fig. D2. Grundfos PC Tools software used to monitor and record pump operating conditions 















Appendix D3: Omega Pressure Sensor (PX43E0-200GI) Data Sheet  
























Appendix D4: Veris Power Monitoring H8044-0100-2 Current Transducer  

















































Appendix D5: CSP Recorded Data for May-July  
 
Fig. D5.a. Flow rate and discharge pressure of the Worthington pump in May 
 




























































































Flow rate Pump discharge pressure
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Appendix D6: Danfoss MBS3000 Pressure Transducer Data Sheet  










Appendix E1: Evaluation of the Heat Loss in the DA-Vent Condenser Steam 
                         Pipe Line  
 
Evaluating the heat loss due to natural convection from the steam pipe line between the DA and 
the vent condenser was important to determine the lost energy through that pipe line’s wall. 
Evaluating the heat loss in this pipe line was helpful to estimate the temperature of the vented 
steam that left the DA after the deaeration process. That steam inside the deaerator has a 
measured temperature and pressure of about 235 ℉ and 8 psig, which is saturated steam, 
according to the steam tables. Figure E1.a shows a schematic of the steam pipe line between the 
DA and the vent condenser in the KU SPP. The specific enthalpy of the steam that enters the vent 
condenser was assumed to be the saturated enthalpy (ℎ𝑠𝑎𝑡2) at 216 ℉. The steam temperature 
inside the DA was known (235 ℉), but the temperature of the steam that left the DA after the 
deaeration process was not known. So the specific enthalpy of the steam leaving the DA (ℎ𝑠𝑎𝑡1) 
was needed in order to determine the temperature there. In order to determine  ℎ𝑠𝑎𝑡1, the heat 
loss from the pipe line shown in Fig. E1.a was required which can be written as 
𝑄𝑜𝑢𝑡 =  ?̇?𝐷𝐴_𝑠𝑡(ℎ𝑠𝑎𝑡1 − ℎ𝑠𝑎𝑡2)                                                                                        (E1.1) 
 
Heat loss was computed in Section 5.2; but, here, it must be calculated for two cases: for the 
vertical and horizontal pipe lines shown in Fig. E1.a. This is because the natural convection heat 


















𝒉𝒔𝒂𝒕𝟐 (at 216 ℉) 




235 ℉, 8 psig 
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The property data shown in Table E1.1 are for air around the steam pipe line. In addition, 
dimensions of the vertical and horizontal pipe lines are included.  
















 ) 1.27𝑥10−5 
𝐿𝑉 (𝑓𝑡) 25 
𝐿𝐻 (𝑓𝑡) 13 
𝐷 (𝑓𝑡) 0.34 
𝑇𝑠 (°𝑅) 561 
𝑇∞ (°𝑅) 550 
∆𝑇(°𝑅) = (𝑇𝑠−𝑇∞ ) 11 






For the vertical pipe lines 
For vertical pipe application, the Nusselt number is [36] 










                                                                                        (E1.2) 
Equations (5.40) and (5.41) in Section 5.2 were used to calculate Gr and Pr numbers. From those 
equations, Gr number was found to be 3.31𝑥1011, and Pr number was found to be 0.723, which, 
using  Eq. (E1.2),  gave Nu = 685.9. Substituting Nu and Table E1.1 properties into Eq. (5.38), 
gave Hn = 0.42 
𝐵𝑡𝑢
ℎ𝑟 (𝑓𝑡2) °𝑅 
 , where the characteristic length was 25 ft (for vertical cylinder 
application [36])  







For the horizontal pipe line 
Equations (5.38)-(5.41) in Section 5.2 were used to determine Gr, Pr, Nu, and Hn since this part 
of pipe line is a horizontal cylinder. Gr number was found to be 7.88𝑥105, and Pr number was 
found to be 0.723, which gave Nu = 12.45 and Hn = 0.56 
𝐵𝑡𝑢
ℎ𝑟 (𝑓𝑡2) °𝑅 
. Hence, from Eq. (5.42) 




Then summing 𝑄𝑉 and 𝑄𝐻, total heat loss in both pipe lines was 




Since the mass flow rate of the steam leaving the DA was the same as that entering the vent 
condenser, the steam mass flow rate determined in Section 5.2 [by applying mass and energy 
balances around the vent condenser (see Eq. (5.43))] was used in Eq. (E1.1). However, the 
determined mass flow rate of the steam in the vented steam pipe line (?̇?𝐷𝐴_𝑠𝑡) was slightly 
different that that found in Section 5.2 (8.56 
𝑙𝑏𝑚
𝑚𝑖𝑛
, instead of 8.55 
𝑙𝑏𝑚
𝑚𝑖𝑛
) because of different air 
properties around the DA’s steam pipe lines as shown in Table E1.1. 











Here,  ℎ𝑠𝑎𝑡2 was found 1151.8 
𝐵𝑡𝑢
𝑙𝑏𝑚
 from the saturated steam table at 216 ℉. 




, which is almost the same as that entering the vent condenser. That was because the 
heat loss (𝑄𝑜𝑢𝑡) through the pipe wall was very small, which did not significantly affect the 
specific enthalpy along the pipe line. So the temperature of the steam leaving the DA was found 








Appendix E2: Thermocouple K/J Temperature Tolerance Table (reproduced from Ref. 51) 
 
